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1. Introduction

Regarded as a potential alternative to Li-based battery anodematerials, the
Zn metal anode offers a high volumetric capacity (5854 mAh cm�3),[1]

relative abundance and widespread distribution in the earth’s crust,[2,3]

and a low plating/stripping potential that can be accommodated in

aqueous electrolytes.[4–7] However, poor cycling
efficiency and dendrite formation stemming
from parasitic reactions between the Zn metal
and the electrolyte currently impede the practical
deployment of a rechargeable Zn metal battery
(RZMB).[8,9] This impediment has spurred sig-
nificant research effort toward electrolyte devel-
opment for RZMBs.

Traditional alkaline electrolytes (e.g., 6 M

KOH) have been widely studied[10–12] but still
suffer from substantial impedance and limited
reversibility[4] as a result of byproducts gener-
ated during cycling (e.g., ZnO and zincates).
Advanced Zn anode architectures (e.g., Zn
sponge,[13,14] backside-plating configura-
tion[15]) have achieved some success in circum-
venting these limitations of alkaline electrolytes,
extending full cell lifetime and with reduced
self-discharge. Other recent efforts achieved
improvements in Zn reversibility with mildly
acidic aqueous electrolytes based on the Zn salts
of superacids, including zinc sulfate
(ZnSO4),

[16–18] zinc bis(trifluoromethylsul-
fonyl)imide (Zn(TFSI)2),

[19,20] and zinc trifluo-
romethanesulfonate (Zn(OTf)2),

[7,21] but
further optimization is still needed to support a
commercially viable RZMB. Researchers also
applied the super concentration concept, show-

ing that a high concentration of LiTFSI supporting salt suppressed
water-induced parasitic reactions due to exclusion of H2O from the
Zn2+ solvation sheath[4]; however, these electrolytes exhibited increased
viscosity and reduced conductivity as a result of the high salt concentra-
tion. Even with this progress in aqueous systems, each of these
approaches (mildly acidic, alkaline, and super-concentrated) still suffers
to varying extents from parasitic interactions with water, despite
claimed CE values as high as 100%.[7] Alternatively, non-aqueous Zn
electrolytes such as Zn(TFSI)2 in propylene carbonate (PC)[22] or tri-
ethyl phosphate (TEP)[23] have shown great promise in supporting
reversible Zn plating/stripping, with claimed Coulombic efficiencies
(CEs) >99%. Based on these observations, published CE values provide
extremely limited insight regarding the relative maturity of different
electrolyte systems toward commercialization of an RZMB. The ques-
tion is whether this is a limitation of the parameter itself, or a product
of how CE is currently measured for Zn anodes.

CE is one of the primary parameters for quantifying the reversibility
of an electrochemical system.[24–26] If measured under uniform, well-
controlled conditions, the CE value can be an accurate predictor of cycle
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With high energy density and improved safety, rechargeable battery
chemistries with a zinc (Zn) metal anode offer promising and sustainable
alternatives to those based on lithium metal or lithium-ion intercalation/
alloying anode materials; however, the poor electrochemical reversibility of
Zn plating/stripping, induced by parasitic reactions with both aqueous and
non-aqueous electrolytes, presently limits the practical appeal of these
systems. Although recent efforts in rechargeable Zn metal batteries (RZMBs)
have achieved certain advancements in Zn metal reversibility, as quantified
by the Coulombic efficiency (CE), a standard protocol for CE has not been
established, and results across chemistries and systems are often conflicting.
More importantly, there is still an insufficient understanding regarding the
critical factors dictating Zn reversibility. In this work, a rigorous, established
protocol for determining CE of lithium metal anodes is transplanted to the
Zn chemistry and is used for systematically examining how a series of factors
including current collector chemistry, current density, temperature, and the
upper voltage limit during stripping affect the measured reversibility of
different Zn electrolytes. With support from density functional theory
calculations, this standardized Zn CE protocol is then leveraged to identify
an important correlation between electrolyte solvation strength toward Zn2+

and the measured Zn CE in the corresponding electrolyte, providing new
guidance for future development and evaluation of Zn electrolytes.
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life[26,27] and is useful for comparing the performance of different sys-
tems. However, the variability in cell setups, test protocols, and targeted
parameters significantly limits the ability to draw effective performance
comparisons both within and across these classes of electrolytes. In this
work, we transplant an established Li CE “reservoir” method[26] to the
Zn chemistry and clearly differentiate baseline and advanced non-aque-
ous and aqueous electrolytes under the same conditions as a demonstra-
tion. As an expansion to this study, we investigated the impact of
several key factors including rate, temperature, metal substrate, and
voltage cutoff during last stripping step on the Zn plating/stripping CE.
Finally, with support from density functional theory (DFT) calculations,
we propose a correlation between the measured CE (obtained using the
same method) and ion/salt solvation free energy, providing new
insight to guide further development of novel electrolytes for RZMBs.

2. Results and Discussion

Despite major fundamental differences between the Li and Zn chemis-
tries, we found that published protocols for Li CE determination pro-
vide an excellent guide toward establishing an analogous protocol for
Zn CE. In particular, we transplanted a galvanostatic technique proposed
by Adams et al.[26] to measure Zn metal plating/stripping CE in both
aqueous and non-aqueous electrolytes. In this method, we used a Cu|
Zn cell setup with Cu as the working electrode and Zn as the counter
electrode, Zn source, and reference. Substrate effects (lattice mismatch,
alloying, interphase effects, etc.) are mitigated by an initial conditioning
cycle, in which 5 mAh cm�2 of Zn is plated on and stripped from the
Cu working electrode. Following this substrate conditioning step, a
5 mAh cm�2 “Zn reservoir” is subsequently plated on the Cu to pro-
vide a quantitatively limited and well-controlled source of Zn for accu-
rate CE determination (Qr). A fraction of this plated Zn reservoir (20%)
is then cycled nine times at a fixed capacity of 1 mAh cm�2 (Qc) at a
rate of 0.5 mA cm�2, followed by stripping to a preselected upper cut-
off voltage (0.5 V vs Zn/Zn2+), at which all removable Zn should be
stripped, including the initial reservoir (Qs). The CE is calculated based
on Equation 1. In this protocol, we deliberately selected a moderate
current density and a modest number of cycles to avoid anomalous CE
measurements from effects such as Zn dendrite formation or excessive
impedance growth.

Figure 1 shows a schematic of this method, including initial results
for some of the most promising Zn electrolytes reported in the litera-
ture.[15,20,22,23] Surprisingly, some of the most common aqueous sys-
tems could not complete the protocol due to erratic voltage behaviors
induced by parasitic reactions (Figure 1a,b and Figure S3a,b,f). These
results yield no useful CE information, suggesting that these electrolytes
may not be able to support Zn anode performance under realistic con-
ditions (rates, capacities, loadings etc.). For the electrolytes that success-
fully completed the protocol, the non-aqueous systems show a clear
advantage in CE over the tested aqueous electrolytes (Figure S3g).
Interestingly, in the case of TEP-Zn(TFSI)2 (Figure 1), note that despite
completing the protocol, the overpotential growth with cycling and
increasing concentration polarization during stripping indicates poten-
tial transport limitations for this electrolyte and a need for understand-
ing CE dependence on the plating/stripping current.

Based on these results, we then selected a few electrolytes as exem-
plars for further study: 0.5 m Zn(TFSI)2 in PC (A), 0.5 m Zn(TFSI)2 in
TEP (B), and 4 m Zn(TFSI)2 in H2O (C). Aside from rigorous testing
of these electrolytes using the standard protocol, we also explored

changes in CE as a function of current density, temperature, substrate
metal chemistry, and upper cutoff voltage for stripping. Figure 2
shows the results from these measurements, with error bars marking
the difference between duplicate cells under the same conditions. All
three electrolytes display substantial CE dependencies on the current
density (Figure 2a), which can be attributed to the corresponding
degrees of voltage polarization (Figure S4) and how much of the plated
Zn that can be stripped before the working electrode potential reaches
the preselected upper limit (0.5 V vs Zn/Zn2+). High polarization (as
in the example of electrolyte B at 2.5 mA cm�2) significantly limits the
recoverable capacity. Remarkably, the conductivities of electrolytes A
and B are very close at room temperature (Figure S5), suggesting that
other factors (e.g., Zn transference number, de-solvation energy, inter-
facial impedance [Figure S6], etc.) are the source for the difference in
polarization. In contrast, aqueous electrolyte C displays much lower
voltage polarization than the non-aqueous systems (below 0.1 V even
at 2.5 mA cm�2 [Figure S4]), suggesting it may have superior stabil-
ity; however, this electrolyte fails to survive in long-term cycling, as
evidenced by its inability to complete a 9-cycle CE protocol at
0.25 mA cm�2 (Figure S7).

The impact of cycling temperature on the measured CE for the
selected electrolytes at �10, 25 and 50 °C is shown in Figure 2b. The
CE values for electrolyte C at �10 and 50 °C are missing because the
electrolyte did not pass the initial galvanostatic protocol at these temper-
atures (Figure S8), despite its superior ionic conductivity (Figure S5).
Conversely, the CEs of electrolytes A and B do not show an obvious
temperature dependence except for a decrease in the CE of electrolyte B
at �10 °C, which was attributed to a sudden increase in voltage polar-
ization (Figure S9b) unrelated to any phase change or drop in ionic
conductivity. The behaviors of electrolytes B and C suggest that cell
polarization appears to be decoupled from the bulk ion conduction and
more likely associated with interfacial/interphasial chemistries or mor-
phology/roughness of the deposited Zn. We also investigated the effect
of substrate material on the Zn plating/stripping reversibility, using Cu,
Ti, and stainless steel (SS) electrodes, which are the most commonly
used current collectors for the Zn chemistry (Figure 2c). From these
experiments, the influence of these substrate metals on CE of non-aque-
ous electrolytes appears to be trivial as compared to the aqueous system,
since electrolyte C is unable to finish the testing procedure on either SS
or Ti current collectors (Figure S10). This difference is attributed to the
varying degrees of hydrogen evolution activity of the metal substrates,
which has been previously studied in Zn-based electrolytes.[28]

The upper cutoff voltage for the final stripping step was also varied
between 0.25 and 0.5 V (vs Zn/Zn2+) to study its effect on CE results.
The CE changes in electrolytes A and C are minimal, but electrolyte B
shows a dramatic dependence on the stripping cutoff voltage, which
originates from the difference in voltage polarization during cycling
(Figure S11). This presents a critical question: What is a realistic upper
cutoff potential for stripping Zn metal from a non-Zn current collector
(Cu, Ti, or SS) to gauge achievable performance in an “anode-free” full
cell?

In an “anode-free” full cell, the highest potential a metal substrate
(i.e., Cu vs Zn/Zn2+) can reach depends on the substrate material, the
cathode chemistry, and the discharge cutoff voltage of the cell. In the
literature, this upper limit is often selected, somewhat arbitrarily, to be
0.5 V versus Zn. The underlying motivation for this specific value is
based on the assumption that at this potential, all removable Zn has
been stripped; however, this value may not actually be realistic or even
achievable in a practical full cell. To accurately quantify this value in a
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full cell, we built a three-electrode Swagelok cell including a
Na2V6O16�1.63H2O (HNVO) working electrode (WE), a Cu counter
electrode, and a Zn reference electrode (RE; Figure 3a,b). The elec-
trolyte selected for these experiments was 4 m Zn(TFSI)2 in H2O.
Because HNVO was prepared in the “charged” state with no initial
capacity, it was first discharged using Zn as the counter electrode at a
constant current density of 300 mA g�1, followed by cycling for 2.5
cycles at 25 °C between 0.2 and 1.6 V versus Zn (Figure 3c). The final
step ensured the full intercalation of Zn2+/H+ into HNVO cathode. The
discharged HNVO was then connected with Cu as the counter electrode
to make a simulated “anode-free” Zn battery, with an auxiliary Zn elec-
trode to provide an accurate reference for potentials of both HNVO

(WE or the simulated cathode) and Cu
(counter electrode or the simulated anode).
After a single charge and discharge step, sur-
prisingly, the final Zn stripping potential (vs
Zn/Zn2+) from the Cu anode current collec-
tor was only ~0.1 V versus Zn when the
HNVO|Zn full cell reached the 0.2 V dis-
charge voltage limit (Figure 3d), which is
much lower than most of the reported upper
potential limits (e.g., 0.5, 1 V, etc.) adopted
for Zn CE protocols. In other words, many
reported CE values may not even be close to
achievable during practical RZMB operation.
The underlying reason why electrolytes with
significant voltage polarization (such as elec-
trolyte B) or those with long-term stability
issues (such as electrolyte C) yield particularly
poor performance in full RZMBs becomes
clear: the plated Zn on the anode never
reaches a sufficiently high potential to com-
pletely strip by the end of discharge. These
unrealistic upper voltage limits for Zn strip-
ping in CE measurements are responsible for
the pronounced gap between promising CE
values and mediocre full cell performance.

By testing Zn electrolytes with a rigorous
protocol designed with the ultimate goal of a
RZMB in mind, it is possible to establish cor-
relations between electrochemical perfor-
mance and fundamental electrolyte
properties, potentially guiding future elec-
trolyte development. Echoing the work by
Amine and co-workers,[29,30] we examined
the role of the electrolyte solvent in the kinet-
ics of interfacial charge transfer reactions and
the deposition of a passivating interphase on
the electrode surface. In the case of lithium-
ion batteries or batteries with Li metal
anodes, it has been argued that the solvating
strength of the electrolyte solvents should be
lessened to promote salt aggregation, so that
preferential reduction of fluorinated anions
can outcompete solvent reduction, leading to
an inorganic and dense solid electrolyte inter-
phase (SEI). Consequently, weaker solvation
also lowers the charge transfer barrier for ion
exchange during plating/stripping (de-solva-

tion/solvation). However, this approach may be inappropriate for
Zn2+, as most of the reversibility issues of divalent ion batteries (Mg+,
Ca+, and Zn2+) center around poor salt solubility in electrolytes and
sluggish ion transport through residual oxide and SEI layers. In this
regard, a molecular-level understanding afforded by computational
chemistry could direct electrolyte design efforts.

Here, we used DFT calculations to predict the relative solvating
strength of noteworthy Zn electrolytes through calculation of the bulk
solvation free energy of Zn2+ and ZnO in TEP, PC, fluoroethylene car-
bonate (FEC), and 3,3,3-fluoroethylmethyl carbonate (FEMC) using a
cluster–continuum approach (CCA). Solvation free energy in the CCA
reflects the binding free energy to form a cluster of n-solvent (Sn)

Figure 1. Proposed galvanostatic cycling protocol for evaluating Zn stripping/plating Coulombic
efficiency (CE). The plots show the voltage versus time profile for Cu|Zn cells at 25 °C with different
typical Zn electrolytes. CE results are summarized in Table S1.

Figure 2. A summary on the effect of different factors: a) current density, b) temperature, c) substrate
metal, and d) voltage cutoff during last stripping step on Coulombic efficiency for three representative
electrolytes A: 0.5 m Zn(TFSI)2 in PC, B: 0.5 m Zn(TFSI)2 in TEP and C: 4 m Zn(TFSI)2 in H2O. (a), (b)
and (d) refer to Cu substrate.
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molecules with a solute (X) and adds an approximate correction to sol-
vate the XSn cluster. Despite such calculations lacking the granular treat-
ment of an explicit electrode surface and competitive solvation effects
in the inner Helmholtz layer, the results for Zn2+ solvation summarized
in Figure 4 highlight the correlation between solvation and CE (mea-
sured using the method shown in Figure 1 at 25 °C). Of the solvents
considered, FEMC is found to have the lowest solvating strength for
Zn2+ and undergoes significant solvent reorganization as CF3 groups
are expelled with increasing cluster size. As shown in Figure S13, the

order of binding free energies changes as the
first Zn2+ solvation shell gets filled indicating
that simple calculations performed using only
one solvent with Zn2+ would yield wrong
trends compared with calculations considering
a full Zn2+ solvation shell. There is no clear cor-
relation between voltage polarization shown in
Figure S14 and solvation energy indicating that
other factors such as SEI resistance, morphol-
ogy, and surface area of plated Zn significantly
contribute to overpotentials during deposition
and stripping. Similar Zn2+ solvation in PC and
TEP indicates similar salt dissociation in these
electrolytes resulting in similar conductivities
(see Figure S5). Much higher salt aggregation
is expected in FEMC.

A consequence of tuning electrolyte solvat-
ing strength is the ability to alter the stability or
solubility of residual films on the Zn surface,
and in situ products generated from solvent
and/or anion decompositions. It has been
shown previously that relatively simple calcula-
tions afford insight into this area as well.[31,32]

As a simple example, we consider solvation
and/or reactivity of these solvents with ZnO,
which is initially present on the anode surface
and continues to form during cycling through
precipitation of zincates. It is found that TEP

has the greatest solvating strength toward ZnO (Figure S15), supported
by van der Waals (vdW) interactions between the oxide and ethyl side
chains. The -CH2- from FEMC are also found to support the oxide
through favorable vdW interactions, though not to as great of an extent
as TEP. In the low dielectric environment near the anode, TEP and
FEMC may deprotonate to the oxide (Figure S16a-c) with very low
barrier, conditioning the anode surface through conversion of ZnO,
possibly to hydroxides. The higher solvating strength of TEP translates
to greater solubility of the hydroxides as Zn(OH)2 or zincates and some
initial removal of the material from the surface. Despite its reactivity
with ZnO, FEMC will have a lower capacity for surface conditioning
due to its low solvating strength in comparison to the other solvents.
Conversely, PC and FEC are much less likely to participate in the oxide
conversion chemistry at all due to a ~3 kcal mol�1 solvent reorganiza-
tion penalty which disfavors the more reactive reverse orientation of
one of the carbonate molecules (Figure S16d,e). Thus, modeling sug-
gests that multiple competing mechanisms, such as solvent deprotona-
tion on ZnO followed by decomposition and SEI formation, compete
with the solvation of the native passivation film and anode surface con-
ditioning during cycling, as summarized in Table 1.

The high solvating strength of TEP also extends to products resulting
from anion decomposition, where X-ray photoelectron spectroscopy
(XPS) reveals greater ZnF2 character in the SEI formed in TEP during
the first 20 h of cycling when compared to PC, which has greater
organic content (Figure S17a,b). After 200 h of cycling (Figure S17c,
d), XPS reveals a significant increase in the organic content of the SEI
formed in TEP which may contribute to the increasing polarization
observed over time. The more mixed organic/inorganic nature of the
SEI formed in PC results in a less mechanically robust passivation layer.
Decreasing interfacial impedance in PC with cycling (see Figure S6)
indicates either dissolution of SEI or surface roughening that ultimately

Figure 3. A Swagelok-based three-electrode cell setup for a) HNVO|Zn cell pre-cycling and b) Zn
stripping potential testing. Potential versus time for c) the first three discharge process of HNVO|Zn cell
(shown in Figure 3a) and d) discharge processes of HNVO|Cu cell (shown in Figure 3b) with a current
of 300 mA g�1 between 0.2 and 1.6 V at 25 °C. The electrolyte was 4 m Zn(TFSI)2 in H2O.

Figure 4. Correlation between measured Coulombic efficiency and solvation
free energies of Zn2+ solvent tetramers from density functional theory
calculations with implicit solvent. Jmol color scheme, visualized with
VESTA.[33,34]
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leads to dendrite formation and cell failure (Figure S14b,c). The weaker
solvents of FEC and FEMC promote a higher degree of salt aggregation
and so are more likely to grow thicker, more heterogeneous organic/
inorganic SEIs. The same issues that lead to dendrite and cell failure in
PC likely extend to FEC as well. However, the large polarization and
lower CE observed for FEMC may be indicative of continuous elec-
trolyte decomposition. Together, these factors suggest careful selection
of solvent/salt combinations may promote control over performance
aspects beyond CE including polarization, propensity for dendrite
growth, and self-discharge rate.

3. Conclusion

In this work, we transplanted an established galvanostatic protocol for
CE determination of Li systems to the zinc chemistry and explored how
certain critical factors dictate the reversibility of various Zn electrolytes.
The initial results suggest that non-aqueous electrolytes generally exhi-
bit more reversible Zn plating/stripping behavior than most of the
common aqueous electrolytes, but their ability to support RZMB full
cell chemistries is not considered. In an effort to establish a rigorous
protocol relevant to practical RZMBs, we tracked the final Zn stripping
potential in an HNVO|Zn(Cu) full cell using a Swagelok-based three-
electrode setup, and for the first time systematically investigated the
impact of an accurate upper cutoff voltage on Zn CE value. Based on
these results and complementary DFT calculations, we identified an
intrinsic correlation between CE and solvent binding energy, thus con-
necting solvation behavior of different solvent molecules to the electro-
chemical performance of Zn metal anodes in corresponding
electrolytes. The availability of a standard protocol that can serve as a
rapid and precise quantifier for Zn metal reversibility across different
electrolyte systems is of utmost importance to the continued develop-
ment of RZMBs. We hope that this work will encourage informed and

rigorous practices that will be adopted as part of future Zn research, so
that new advances in this field can be more accurately evaluated against
the requirements of a practical Zn metal anode battery.

4. Experimental Section

Electrochemical Characterization: The Cu|Zn, Ti|Zn, SS|Zn, and Zn|Zn cells
were assembled in 2032-type coin cell sets using a piece of glass fiber
(Whatman GF/F) as separator and various prepared solution as elec-
trolyte (150 lL per cell). All the cells and electrolytes were prepared in
Ar filled glovebox. All the charge–discharge testing was conducted at
�10, 25, or 50 °C using a Maccor Series 4000 cycler. The CE measure-
ment method follows the protocol for a lithium metal anode reported
by Adams et al.[26] (Method 3). Substrate metal (i.e., Cu, Ti and SS)
was conditioned by plating (0.5 mA cm�2, 5 mAh cm�2) and strip-
ping Zn (0.5 V) during the first cycle. Then, a Zn reservoir with a
capacity of 5 mAh cm�2 (Qt) was built on the substrate metal by using
the same current density used for the following cycling. Different cur-
rent densities (i.e., 0.25, 0.5, 1 and 2.5 mA cm�2) were used for
stripping and plating 1 mAh cm�2 (Qc) of Zn during the subsequent
nine cycles. In the final step, the recoverable capacity (Qs) was stripped
by charging to a certain voltage (i.e., 0.25, 0.5 V). The average CE is
calculated based on the following Equation 1:

CE ¼ 9Qc þ Qs

9Qc þ Qt
(1)

The Swagelok three-electrode cell setup shown in Figure 3 was used
to track the potential of Cu (vs Zn/Zn2+) in an HNVO|Zn(Cu) full cell
at the end of discharge. In the setup configuration, the HNVO was the
working electrode and the Zn rod acted as both reference electrode and
counter electrode. This HNVO|Zn cell was cycled 2.5 times between
0.2 and 1.6 V with a current of 300 mA g�1 at room temperature.
This cycling finished when the HNVO|Zn cell reached a fully dis-
charged cell voltage of 0.2 V. This initial step served to “activate” the
HNVO. In the subsequent test configuration, we kept the HNVO as a
working electrode and connected Cu as the counter electrode. This
HNVO|Cu cell was then charged to 1.6 V and discharged to 0.2 V. As
part of this procedure, the Zn rod acted as a reference electrode for
HNVO and Cu, respectively, to track their potential change during this
process. To confirm the integrity of this Zn reference (since it was pre-
viously cycled during HNVO activation), a similar Swagelok three-elec-
trode cell setup (with pristine Zn reference electrode) was also used to
prove the stability of Zn electrode after formation cycle above (Fig-
ure S12). A Modulab XM ECS (Solartron Analytical) was the instrument
used for this measurement.

Zn|Zn symmetric cells were cycled using 0.5 mA cm�2 at room
temperature. Each half cycle (charge or discharge) was set to 1 h.

Electrochemical impedance spectroscopy (EIS) measurements were
conducted on Zn|Zn symmetric cells with 0.5 m Zn(TFSI)2 in PC or
0.5 m Zn(TFSI)2 in TEP before or after 20 and 200 h cycling at zero
state of charge at 25 °C (0.5 mA cm�2, 0.5 mAh cm�2). Alternating
current (AC) impedance spectra were collected with ten points per dec-
ade from 100 kHz to 10 mHz with a signal amplitude of 10 mV at
25 °C. A single-channel Gamry Potentiostat (Reference 3000) was used
for data collection.

Ionic conductivities of the electrolytes were determined from impe-
dance scans from 20 Hz to 2 MHz with an amplitude of 20 mV using

Table 1. A summary of the factors affecting CE and their relationship to
observed behaviors during cycling.

Solvent ⟶ TEP PC FEC FEMC

Salt aggregation Low Low Mod. High

Solubility of decomp.

products

Highest High Mod. Low

Deprotonation to ZnO Yes Unlikely Unlikely Yes

Composition of SEI (initial) Inorganic Org./Inorg. Org./

Inorg.

Org./

Inorg.

Composition of SEI (final) Org./Inorg. Org./Inorg. Org./

Inorg.

Org./

Inorg.

Voltage polarization High

(increasing)

Low

(decreasing)

Low High

Dendrite growth

probability

Low High High Low

Cont. electrolyte

decomposition

No No No Yes

Green, yellow, and red text denotes positive, neutral, and negative effects, respectively.
CE, Coulombic efficiency; Cont., continuous; Decomp., decomposition; FEC, fluo-
roethylene carbonate; FEMC, 3,3,3-fluoroethylmethyl carbonate; Inorg., inorganic, ZnF2;
Mod., moderate; Org., organic; PC, propylene carbonate; TEP, triethyl phosphate.
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an Agilent E4980A precision LCR meter. The conductivity cell was
adapted from a YSI 3418 cell to make it fit tightly into a polyethylene
bottle for holding an electrolyte. The cell constant (0.1 cm�1 nominal)
was calibrated with a 100 mS cm�1 standard solution. Temperature of
the sample cell, along with a reference cell, was ramped down from 60
to �20 °C then back up at 0.1 °C min�1 in a Tenney Jr. Environmen-
tal Chamber while the impedance was continuously scanned. A ther-
mocouple was each attached to the sample and reference cells, and the
temperature difference was recorded for the phase changes of an elec-
trolyte in relation to its changes of conductivity.

X-ray photoelectron spectroscopy measurements (PHI Versaprobe
III) were conducted on Zn electrodes obtained by opening coin cells in
an argon-filled glovebox, rinsed with anhydrous dimethoxyethane
(DME) and dried in an antechamber under vacuum overnight. To avoid
the disturbance from air/moisture, the samples were transferred into
XPS system using a sealed vacuum transfer capsule. The data were col-
lected by using a combination of survey scan (pass energy 224 eV, step
size 1 eV) and high-resolution scan (pass energy 26 eV, step size
0.05 eV). The X-ray was focused to a spot size of 100 lm and had a
power of 25 W. Surface neutralization was performed through a com-
bination of a low energy Ar-ion flow with an electron neutralizer,
operating pressures were maintained <6 9 10�6 Pa. Peak fitting was
performed using PHI’s Multipak software v. 9.6, using 70/30 Gaus-
sian/Lorentzian line shapes on a Shirley background. All spectra were
shifted relative to the binding energy of the carbon 1s sp3 (assigned to
284.8 eV) to compensate for any surface charging off-set during the
measurement.
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