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Eutectic-electrolyte-enabled zinc metal batteries
towards wide temperature and voltage windowsT
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Zinc metal batteries (ZMBs) are highly promising devices for large-scale energy storage applications.
However, the commonly used aqueous electrolyte often leads to issues such as hydrogen evolution,
narrow temperature range, and dendrite growth, significantly limiting electrochemical and thermal
windows of ZMBs. Here, we report a nonflammable deep eutectic electrolyte (DEE), achieving wide
electrochemical (3.0 V vs. Zn/Zn®*) and thermal-stability (—70 °C to 160 °C) windows. Benefiting from
these characteristics, DEE contributes to promoting the small and compact Zn nucleation, eliminating
hydrogen evolution, and generating a robust organic—inorganic-coupled solid—electrolyte interphase,
reaching sustained Zn plating/stripping performance in Zn-Zn symmetric cells and Zn-V,0Os cells. More
importantly, DEE enables ZMBs to be cycled in a wide temperature range of —20 °C to 80 °C, exceeding
most aqueous electrolytes in high-temperature range. Furthermore, we demonstrate the potential of
DEE for high-voltage cells with Zn-ion capacitors cycled up to 2.5 V. Our findings provide insightful
understandings of the Zn plating/stripping chemistry in organic coordination environments and a practi-
cal stable electrolyte with wide temperature and electrochemical windows.

To realize the goal of zero-carbon emission, sustainable energy sources have to be fully exploited together with the large-scale energy storage devices.
Comparing with lithium batteries widely applied in portable electronics or electric vehicles, aqueous Zn batteries have been recently investigated intensively

due to their better safety, lower cost, and more abundant resources. Nevertheless, designing electrolytes beyond aqueous counterparts is surely essential to
ensure the wider temperature windows, wider electrochemical windows, and more stable electrode-electrolyte interface chemistry, which could therefore help
overcoming some intrinsic challenges of aqueous Zn batteries, such as the hydrogen evolution side reactions and Zn dendrite growth. Herein, we design a
nonflammable deep eutectic electrolyte (DEE), which eliminates hydrogen evolution, produces robust solid-electrolyte interphase layers, and induces small and
compact Zn nucleation, thereby achieving long-life cycling performance of Zn batteries. Furthermore, DEE can complete stable energy storage over a wide
temperature range of —20 °C to 80 °C and an operating voltage window of 0.1-2.5 V. Therefore, this study proposes an approach to significantly broaden the
limited temperature/voltage windows of Zn batteries, with maintaining the safety advantages. It could also contribute to the community to deepen the
understandings on the Zn metal plating/stripping chemistry in organic coordination environments.

Introduction

Aqueous zinc metal batteries (ZMBs) are receiving extensive
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attention due to their relatively high energy density, intrinsic
safety, environmental friendliness, cost-effectiveness, and great
potential for large-scale energy storage.' Despite intensive
research on secondary ZMBs, practical applications still pose
challenges.>® Primary obstacles are mainly related to the Zn
metal anode, where dendritic Zn growth, hydrogen evolution
reaction (HER), and metal self-corrosion are serious issues
lowering the efficiency and shortening the cycle life."” These
issues are fundamentally since the reduction of water molecules
and evolution of hydrogen gas are thermodynamically more
favorable than the Zn deposition reaction.*” Meantime, the gas

This journal is © The Royal Society of Chemistry 2024
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evolution can also severely affect Zn deposition morphology,
hindering the compact and dense Zn plating/stripping process.
Furthermore, the strong polar aqueous electrolyte impedes the
formation of a robust solid—electrolyte interphase (SEI) layer,
unlike the counterpart alkali metal batteries where the stable
SEI layer could prevent the uncontrollable side reactions.®°

Electrolyte engineering is crucial to address the above
issues."® The regulation of water molecules in aqueous electro-
lytes is one important approach. Currently, the predominant
strategy involves the use of electrolyte additives to modulate
Zn>" solvation structure or modify the electrode/electrolyte
interface, thereby inhibiting the reduction of water molecules
and Zn dendritic growth."'™* Nevertheless, a small amount of
electrolyte additives cannot completely preclude reactive water
molecules from approaching the Zn anode surface.'*"® The
second strategy is to use highly concentrated electrolytes to
reduce the water content, suppressing HER and self-corrosion
caused by water molecules."®® However, high-concentration
electrolytes are limited by their poor wetting of Zn anode,
susceptibility to salt crystallization during cycling, as well as
high cost because of the high salt usage.'® Therefore, it is still
imperative to develop alternative electrolyte systems to address
the challenges associated with aqueous electrolytes.

Compared with aqueous electrolytes, deep eutectic electro-
lyte (DEE) exhibits superior characteristics such as low freezing
point, excellent chemical stability, and wide electrochemical
20722 The DEE for ZMBs requires a solvent that can
dissociate the zinc salts and lower the freezing point of electro-
lyte. The formed coordination environment between Zn ions
and solvent molecules further determines the chemical and
physical characteristics of these electrolytes.> In addition, the
solvation structure should facilitate ion transport, encourage
robust SEI generation, and improve uniform Zn deposition.>*
For example, eutectic electrolytes based on zinc salts and organic
solvents, such as ethylene glycol and propylene carbonate, have
been proven to enhance ionic conductivity.””?® In these electrolyte
systems, the solvated cations decompose to create a mixed SEI
layer, achieving a highly reversible Zn plating/stripping process
and excellent battery performance. Nevertheless, most reported
DEE still contain certain amount of water molecules, so that the
electrochemical window is limited and the detrimental HER side
reaction can still damage the cell performances. For state-of-the-art
non-aqueous DEE, most organic solvents are flammable, so the
combined advantages of high thermal stability, wide electro-
chemical windows, nonflammability and excellent battery perfor-
mances are still remained to be explored. Furthermore, it is
required to deepen the fundamental understanding of SEI for-
mation mechanism and Zn nucleation behavior in the organic
coordination environments, as they significantly diverge from
those in aqueous systems.

Here, we develop a nonflammable DEE composed of Zn(TFSI),
and low-melting-point diethyl phosphoramidate (DEPA), charac-
terized with a wide electrochemical window (3.0 V vs. Zn/Zn**) and
a wide thermal-stability window (—70 °C to 160 °C). It is revealed
that sp® hybridized oxygen in TFSI™ establishes new hydrogen
bonds with the amino hydrogen of DEPA, and the P—=O group in

window.

This journal is © The Royal Society of Chemistry 2024
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DEPA exhibits a coordination effect with Zn>*. These interactions
jointly weaken the hydrogen bonds between DEPA molecules and
ionic bonds between Zn(TFSI),, forming an electrolyte containing
special complexes [Zn(TFSI)(DEPA),]. This electrolyte system
induces a smaller Zn nuclei radius and dense Zn deposition.
Moreover, the special coordination structure of DEE contributes
to eliminating the hydrogen evolution observed in the counterpart
aqueous electrolyte, and generates a robust organic-inorganic-
coupled SEI layer on the Zn electrode. Benefiting from these
advantages of DEE, the assembled Zn-Zn symmetric cells exhibit
long-life Zn plating/stripping cycling performance, and Zn-V,Os
full cells can retain a capacity of 74.5% after 1000 cycles. More
importantly, the cells in DEE can operate in the wide temperature
range of —20 °C to 80 °C. In addition, the high voltage tolerance of
DEE is further demonstrated by a Zn-ion hybrid capacitor in stable
operation over a wide voltage window of 0.1-2.5 V.

Results and discussion
Physicochemical properties and Zn solvation structure of DEEs

A series of stable DEEs were prepared by simply mixing
Zn(TFSI), with low-melting-point (51-53 °C) DEPA and stirring
at room temperature for 2 h (Fig. 1(a)). Based on different molar
ratios of Zn(TFSI),: DEPA, these formulations are denoted as
DEE-1:m (m = 6, 8, 10, 12). Due to the nonflammable nature of
DEPA, the flammability test of DEE confirms its stability and
safety under open flame lighter (Fig. 1(b)). Notably, DEEs at all
ratios can still maintain a liquid state at —20 °C (Fig. S1, ESIf).
The glass transition temperatures (Tg) of DEEs obtained from
differential scanning calorimetry (DSC) tests are below —70 °C
(Fig. 1(c)). When the DEPA content increases, the freezing/
melting peaks of DEEs disappear, suggesting the formation of
eutectic electrolyte that is stable at low temperatures. Thermo-
gravimetric analysis (TGA) further supported the thermal sta-
bility of DEEs (Fig. 1(d)). Even when heated up to 160 °C, the
weight loss of DEEs remains minimal, ranging from 2.17%
(DEE-1:6) to 4.75% (DEE-1:12); whereas, the water in aqueous
electrolyte evaporates completely even below 100 °C. The excel-
lent thermal properties open the possibility of utilizing this
eutectic system in a wide temperature range. Additionally, the
Zn(TFSI),: DEPA molar ratios were optimized to balance the
high ion conductivity and low viscosity. The DEE-1:10 exhibits
relatively high conductivity (1.07 mS cm @25 °C) coupled with
relatively low viscosity (63 mPa s) (Fig. 1(e) and Table S1, ESIf).

The interaction between DEE components was studied by
Fourier transform infrared (FTIR) spectroscopy (Fig. 1(f) and
Fig. S2, S3,ESIt). The SO, asymmetric stretching mode of TFSI™
increases from 1326.9 cm ™' in pristine salt to 1350.1 cm ™" in
DEESs. As the SO, group is susceptible to Zn**~-DEPA and TFSI -
DEPA interactions, this peak shift can confirm the solvation of
Zn** with DEPA solvent molecules.”**! The peaks at 3253.7 cm ™
and 3419.5 cm ' in pristine DEPA, corresponding to sym-
metric and asymmetric NH, stretching, shift to 3348.2 cm™*
and 3421.5 cm™ " in DEEs, respectively, suggesting the disruption
of hydrogen bonds between DEPA and the formation of new
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Fig. 1 Physicochemical properties and spectral analysis of DEEs. (a) Preparation strategy of DEEs based on Zn(TFSl), and DEPA. (b) Flammability test of
separator soaked by DEE under open flame lighter. (c) DSC curves of ZnSO4 aqueous electrolyte and DEEs with different Zn(TFSI), : DEPA molar ratios
from —100 °C to 50 °C. (d) TGA results of ZnSO,4 aqueous electrolyte and different DEEs. (e) lonic conductivity and viscosity of different DEEs. (f) FTIR
spectra: 1(SO,) and ¥{INH,). (g) Fitted Raman spectra of DEEs with different molar ratios. (h) lllustration of the interaction among Zn?*, TFSI~ and DEPA in

DEEs.

bonds with the salt.>**> FTIR spectra also reveal a significant

change in the P=0 group (1218.9 cm™ ') of DEPA.** The P—=0
group undergoes a red shift with increasing salt concentration,
potentially corresponding to metal-oxygen coordination between
Zn*" and the P=0 group. Raman spectra were used to detect the
shift of SO, group in Zn(TFSI), from the initial 1130.1 cm™" to
1140.0 cm™ %, and a slight shift of NH, group in DEPA, indicating
the interaction between two components (Fig. $4 and S5, ESIt).**
In addition, the existing environment of TFSI" is explored by
comparing the change of 1(S-N-S) peak (~749.5 cm ™) with salt
concentration (Fig. 1(g)).*>*® The proportions of free anions (FAs),
loose ion pairs (LIPs), and intimate ion pairs (IIPs) can be
obtained separately (Fig. S6, ESIt). Decreasing the salt concen-
tration, the FA proportions increase and the IIP proportions
decrease, suggesting good dissociation of Zn>* by the solvent
molecules. The formation principle of this eutectic solution
obtained from spectral analysis is then summarized in Fig. 1(h),
that the salt-solvent interaction weakens the bonds among them-
selves and thereby forms a eutectic electrolyte.

7332 | Energy Environ. Sci., 2024,17, 7330-7341

Then, DFT calculations and molecular dynamic (MD) simu-
lations were further introduced to investigate the formation of
DEEs. We constructed four different DEEs, i.e. DEE-1:6, 1:8,
1::10, and 1:12, respectively. Based on the radial distribution
function (RDF), it is noted that all DEEs show similar peak
distributions (Fig. 2(a) and Fig. S7, ESIt). There is an evident
peak near 1.1 A, which corresponds to a large amount of C-H
and N-H bonds in DEEs. The second peak appears near 1.4 A,
which is attributed to the bonding with oxygen by different
atoms including S, P, and C in both TFSI™ and DEPA. For Zn>",
the closest coordination is formed within the distances near
1.8 A, displaying the preferred coordination between Zn>" and
the P—0 group of DEPA. The hydrogen bonds between F, N, O,
and H atoms are mostly located near 2.3 A. For the interaction
of Zn*" with O from TFSI™, it exhibits a coordination distance
near 2.3-2.6 A. In the snapshot of DEE-1:10, it has been
identified that Zn>" is mostly preferred to locate near 1-2 TFSI~
and there are usually 2-3 DEPA molecules in the coordination
range (Fig. 2(b)). The increase in DEPA gradually modulates the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Theoretical calculation and Zn solvation structure in DEEs. (a) The RDF and (b) snapshot of DEE-1:10 after MD simulations. (c) Interaction energies
of different DEEs. (d) MSD of Zn?* and (e) diffusion coefficient comparisons in DEEs. (f) The stability comparisons of coordination configurations for
[Zn(TFSI),(DEPA),] and [Zn(TFSI)(DEPA)s]*. C; and T; indicate the cisoid and transoid form of TFSI~, respectively. |: monodentate coordination of TFSI™. II:
bidentate coordination of TFSI™. (g) Electron density difference demonstration of [Zn(TFSI),(DEPA),] (T;—N-O-Il). (h) Schematic diagram of coordination

structure in DEE.

coordination structure of Zn>" (Fig. S8, ESIt). Notably, the inter-
action energies of DEEs gradually decrease as DEPA concen-
tration increases, supporting that the introduction of DEPA
facilitates the interaction with Zn>* (Fig. 2(c)). To reveal the
diffusion behavior of Zn>', the mean square displacement
(MSD) of different electrolytes was compared in the same period
of 0.5 ps after 5000 MD simulation steps (Fig. 2(d)). All electrolytes
show a relatively linear correlation of MSD with time, especially
DEE-1:10 and DEE-1:12. It is noted that MSD displays a volcano
trend. Based on the linear fit of MSD, the diffusion coefficients of
Zn** are determined as 2.67 x 107°, 1.67 x 10™°, 13.83 x 107,
9.17 x 10" ° cm” s~ * for DEE-1:6, 1:8, 1:10, and 1:12, respectively
(Fig. 2(e)). This indicates that DEEs are of the same order of
magnitude overall, with DEE-1:10 supplying the most efficient
Zn** migration. To further support this finding, we conducted
electrochemical impedance spectroscopy (EIS) to assess the impe-
dance characteristics of DEEs (Fig. S9, ESIT). The results indicate
that although there are differences in the magnitude of diffusion
coefficients obtained from EIS and theoretical calculations, the
overall trend observed is consistent.

This journal is © The Royal Society of Chemistry 2024

To further understand the interaction between Zn>" with
TFSI™ and DEPA, we have calculated their interaction energies
in different geometry configurations, where both cisoid (C,)
and transoid (T;) forms of TFSI™ are considered with N and O
as potential coordination sites for Zn** (Fig. 2(f) and Fig. S10,
S$11, ESIT).*”*° Since the electrolyte structures involve several
layers around the cations, the calculations of different config-
urations are able to demonstrate the possible inner solvation
structures near Zn>" cations. For the coordination environ-
ments in [Zn(TFSI),(DEPA),] and [Zn(TFSI)(DEPA);]', it is found
that the bidentate coordination of Zn*' with T,-form TFSI™
constitutes more energetically preferred configurations, among
which [Zn(TFSI),(DEPA),] (T;-N-O-1I) is the most stable one.
Meantime, under the same coordination number (CN) of Zn*",
increasing the DEPA molecule numbers from 2 to 3 in
the solvation structure significantly increases the overall inter-
action energies. Other possible solvation -configurations
with lower CN of Zn®*' have also been evaluated, such as
[Zn(TFSI),(DEPA)], [Zn(TFSI)(DEPA),]" and [Zn(TFSI)(DEPA)]*
(Fig. S12-S15, ESIT). By comparing the interaction energies of

Energy Environ. Sci., 2024,17, 7330-7341 | 7333
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different coordination configurations, it is revealed that DEPA
molecules and TFSI™ anions both contribute to shaping the
solvation structure, and a higher concentration of TFSI™ facil-
itates the stabilization of Zn** coordination through the biden-
tate coordination. In the most stable [Zn(TFSI),(DEPA),] (T;-N-
O-1I), the nearby O and N sites point to Zn** with a distance
around 1.8-2.3 A, which is also consistent with the RDF results
above. The electron density difference also indicates that the
overall electron density is uniform among the whole T;-N-O-II
configuration (Fig. 2(g)). Therefore, the solvation environment
of Zn>" in DEE is schematically illustrated in Fig. 2(h).
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Uniform Zn nucleation and growth behavior guided by DEE

To systematically elucidate the advantages of DEE, the electro-
chemical window was measured using linear scanning voltam-
metry (LSV) tests (Fig. 3(a)). It is noted that the DEE-1:10 is
selected as the optimum DEE for all the following electro-
chemical tests. The traditional ZnSO, aqueous electrolyte
shows a narrow electrochemical window due to the inevitable
HER and oxygen evolution reaction (OER). Conversely, DEE
simultaneously eliminates the effects of both HER and OER,
demonstrating stability in a wide window of 3.00 V (vs. Zn/Zn*").
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Fig. 3 Zn nucleation and growth behavior in electrolytes. (a) LSV curves of Zn—SS cells in DEE-1:10 and ZnSO4 aqueous electrolyte at 1 mV s~ (b) Tafel
curves of Zn foil tested in both electrolytes with a three-electrode system. SEM images of Zn nucleation and growth behavior at a current density of

2 mA cm~2 under different plating charge quantities (0.1-5 mA h cm™2)

deposition in different electrolyte environments.

7334 | Energy Environ. Sci., 2024,17, 7330-7341

in (c) ZnSO,4 aqueous electrolyte and (d) DEE-1:10. (e) Schematic diagram of Zn

This journal is © The Royal Society of Chemistry 2024
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Tafel curves were measured using Zn foil as the working electrode
to evaluate the self-corrosion behavior of Zn metal in two electro-
lytes (Fig. 3(b)). The smaller self-corrosion current and 96.5%
corrosion-inhibition efficiency prove the robust corrosion resis-
tance of Zn metal in DEE. To illustrate this corrosion inhibition
effect more intuitively, pure Zn foils were soaked in two electro-
lytes for 10 days. Undesired (ZnSO,)(Zn(OH),);(H,O) byproducts
are identified on the Zn surface in ZnSO, aqueous electrolyte, but
are absent on Zn soaked in DEE, confirming the improved self-
corrosion resistance in eutectic electrolyte (Fig. S16, ESIT). Addi-
tionally, it can be found that the contact angle between DEE and
Zn foil is 51°, significantly lower than the 88° observed between
ZnSO, electrolyte and Zn foil (Fig. S17, ESIt). As per the calcula-
tion formula, the reduced contact angle means a decrease in the
interface free energy and an increase in the wetting degree of
electrolyte on Zn electrode, thereby promoting the homogeneous
distribution of Zn*" flux and facilitating uniform Zn nucleation.*’

The nucleation and growth behavior of Zn in DEE was
compared with that in traditional ZnSO, aqueous electrolyte.
Scanning electron microscopy (SEM) was used to characterize
the morphological evolution of Zn deposits under different
plating charge quantities (0.1-5 mA h em™?) in two electrolytes.
As depicted in Fig. 3(c), at a current density of 2 mA cm™?, Zn
nuclei in aqueous electrolyte are relatively large, sparsely dis-
tributed, and irregular in shape. Even for a plating charge of
5 mA h ecm™?, a complete film has not yet been formed.
In contrast, Zn nuclei are small, compact, and evenly distrib-
uted in shape for DEE. As the nuclei grow, a dense Zn deposi-
tion layer eventually covers the substrate (Fig. 3(d)). Then, to
comprehensively verify the positive effect of DEE on Zn electro-
crystallization, Zn deposition morphology at a lower current
rate of 0.1 mA cm > was investigated (Fig. S18, ESIf). It has
been reported that side reactions, such as HER and self-
corrosion, are more prominent at low current densities, thereby
posing greater challenges to uniform and compact Zn nuclea-
tion behavior.*** This is confirmed by the more uneven Zn
deposits in aqueous electrolyte at 0.1 mA cm ™ ?; whereas, the Zn
plating still maintains a uniform distribution and growth in
DEE. According to the nucleation theory, the critical radius r. of
a hexagonal nucleus can be obtained as*®

20’1M

Fo =—=
¢ \/§pnF11

1)

where o, is the interfacial tension between the nucleus and
electrolyte, M is the relative atomic mass of Zn metal, p is the
density of Zn, n is the number of electrons, F is the Faraday
constant, and # is the overpotential. Therefore, a higher plating
overpotential in DEE promotes finer and denser Zn nuclei
(Fig. S19, ESIt). Another reason is that the hydrogen gas
evolution is suppressed and does not interfere Zn deposition.
Therefore, Zn deposition behavior in two electrolytes can be
schematically compared as Fig. 3(e). The side reactions induced
by water decomposition in aqueous electrolyte exacerbate its
inherently uneven and rough nucleation behavior, ultimately
leading to the notorious dendrites. Meantime, this HER
side reaction also increases the local pH value, leading to the

This journal is © The Royal Society of Chemistry 2024
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formation of byproducts ((ZnSO,)(Zn(OH),);(H,0), etc.).**
In contrast, DEE is not troubled by gas evolution and promotes
the dense and uniform Zn deposition. Furthermore, this DEE
could also lead to the formation of a protective SEI layer as will
be discussed thereafter.

Interface chemistry induced by DEE

As is well known, the derived SEI layer plays a fundamental role
in achieving stable and efficient lithium-ion batteries.*>™*’
Recently, it has been proven that the stability of ZMBs can be
enhanced by introducing SEI layers on Zn electrode, which is
mostly formed by the decomposition of anions or solvents.*®*°
However, the direct reduction of free TFSI™ shows a lower
potential of —1.08 V (vs. Zn/Zn”"), indicating that it can hardly
be decomposed before Zn>* reduction (Fig. S20, ESIT). And the
reduction potential of coordinated TFSI~ with Zn®" has been
significantly increased to 0.39 V and 0.69 V (vs. Zn/Zn>") for
Zn(TFSI) and Zn(TFSI),, respectively. As discussed above, TFSI™
participates in the solvation structure of Zn>" in DEE, so the
preferential decomposition of solvated TFSI™ can contribute to
the SEI formation.

Then, Zn metal electrode was plated/stripped in DEE and
dissembled for surface characterizations. Initially, in-depth
X-ray photoelectron spectroscopy (XPS) combined with Ar"
sputtering was used to detect the Zn anode after cycling. High
resolution spectra of multiple elements are obtained at different
sputtering depths, confirming that the decomposition of DEE
components forms a SEI layer on the electrode surface.’*>?
In the F 1s spectrum, a signal at 689.2 eV corresponding to the
C-F bond appears on Zn electrode surface, while the Zn-F bond at
685.2 eV under deep sputtering arises from the decomposition of
TFSI, indicating that the inner layer of SEI is rich in ZnF,
(Fig. 4(a)). The C 1s spectrum reveals peaks at 291 eV and
286.3 eV, attributed to C-F bond and C-O/C-/C-S bond, respec-
tively (Fig. 4(b)). These peak signals weaken with increasing depth,
suggesting that organic components dominate the outer layer of
SEL In the S 2p spectrum, a new peak at 163.5 eV assigned to
sulfide is detected, where the peak signal further enhances with
increasing depth, indicating that the SEI inner layer is abundant in
inorganic sulfur (Fig. 4(c)). The P 2p spectrum exhibits a peak at
135.1 eV, corresponding to PO, derived from the decomposition of
DEPA (Fig. 4(d)). XPS analysis results have demonstrated that the
electrolyte decomposes on electrode surface, forming a hybrid SEI
with an inorganic-rich inner layer and an organic-rich outer layer.

In addition, transmission electron microscopy (TEM) was
used to observe Zn anode cycling in DEE after focused ion beam
(FIB) cutting, identifying a distinct SEI layer at the top of Zn
substrate (Fig. 4(e)). The high-resolution TEM (HRTEM) image
of electrode cross-section directly reveals the SEI structure
(Fig. S21, ESIf). The analysis in Fig. 4(f) confirms that the
lattice fringes correspond to ZnF,, ZnS, and Zn;(PO,),, respec-
tively. As illustrated in Fig. 4(g), a schematic diagram outlines
the composition of SEI layer. Moreover, the formation mecha-
nism of the organic-inorganic-coupled SEI layer is reflected by
chemical reaction eqn (2)-(8). When a complete SEI layer is
generated, solvated Zn** diffuses from electrolyte to SEI surface
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anode.

and undergoes desolvation during plating. Subsequently, it
permeates within SEI layer and ultimately reaches Zn anode
to complete the deposition reaction. It is emphasized that this
organic-inorganic-coupled SEI layer is robust and can prevent
uncontrollable and continuous occurrence of side reactions,
thereby improving Zn anode stability and guiding Zn plating/
stripping reaction.

NSO,CF;*™ + e~ — NSO,>” + CF;~ (2)
NSO, +e~ — §* + NO,~ (3)
CF;  +e” — 2F +CF (4)

7336 | Energy Environ. Sci., 2024,17, 7330-7341

DEPA + 3e” — PO,*” + organic (5)
2+ 2—

Zn*" +S*7 > ZnS (6)

Zn*" + 2F" — ZnF, (7)

3Zn*" + 2PO,*” — Zns(PO,), (8)

Electrochemical performance of Zn anode enhanced by DEE

To explore the benefits of DEE on Zn anode stability, ZnSO,
aqueous electrolyte and DEE were compared in Zn-Zn

This journal is © The Royal Society of Chemistry 2024
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symmetric cells. Firstly, considering the exacerbated side reac-
tions under a very low current density, a testing condition of
0.1 mA cm 2 with 0.1 mA h ecm 2 was adopted. The cell in
ZnSO, aqueous electrolyte displays a polarization voltage of 40
mV and a limited cycle life of only 245 h (Fig. 5(a)). However,
the symmetric cell using DEE can operate stably for 12000 h
(over one year). At a higher current density of 1 mA cm™ > and an
areal capacity of 1 mA h cm ™2, DEE can achieve a cycle life of
1200 h (Fig. 5(b)). Compared with published work on other
electrolytes, this study is outstanding in the long-term cycling
stability of symmetric cells (Table S2, ESIF).%!*1%:18,19,23,24,26-28
Additionally, cycling tests were conducted at current densities
of 0.1-5 mA cm 2 to evaluate the rate performance of sym-
metric cells in both electrolytes. The cell in ZnSO, electrolyte
exhibits notable voltage fluctuations (Fig. S22, ESIt). On the
contrary, DEE supports stable battery operation under both
high and low current densities (Fig. 5(c)). Furthermore, the Zn
plating/stripping coulombic efficiency and cycling life in Zn-Cu
cells with DEE have also been demonstrated to be much superior
over those with aqueous electrolyte (Fig. S23 and S24, ESIY).
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Subsequently, SEM was employed to characterize the morphologi-
cal changes of Zn anode after cycling in two electrolytes (Fig. 5(d)).
It can be observed that the electrode surface in ZnSO, electrolyte is
rough after 10 cycles, with uneven and dendritic Zn distribution.
This phenomenon becomes more severe after 100 cycles, resulting
in battery failure. In stark contrast, Zn electrode in DEE maintains
a smooth surface after 10 and 100 cycles without harmful den-
drites. The corresponding XRD patterns further confirm that HER-
derived byproducts appear on Zn electrode in ZnSO, electrolyte,
but are absent on Zn electrode in DEE (Fig. S25, ESIT).

The hydrogen production in two different electrolytes could
be compared more intuitively (Fig. 5(e)). As expected, when the
cumulative capacity reaches 100 mA h cm™?, the pouch cell
with ZnSO, aqueous electrolyte generates a large amount of gas
and exhibits accident-prone swelling. The pouch cell in DEE
shows no signs of gas generation and remains in pristine
condition. This phenomenon directly supports the suppressive
effect of DEE on HER, which is consistent with previous
research results. To confirm the robustness of SEI layer formed
in situ by DEE, Zn electrode was first cycled in DEE, and then

04 1.6 16
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Fig. 5 The effects of DEE on electrochemical performance of Zn anode. Long-term cycling performance of Zn—-Zn symmetric cells at (a) 0.1 mA cm™
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with 0.1 mA h cm™2 and (b) 1 mA cm™2 with 1 mA h cm™2. (c) Rate performance of symmetric cell in DEE-1:10 at current densities of 0.1-5 mA cm™2.
(d) SEM images of Zn anode after 10 (left) and 100 (right) cycles in ZnSO4 aqueous electrolyte (up), DEE-1:10 (down). (e) Optical images of Zn—-Zn pouch
cells after cycling in two electrolytes. (f) Cycling performance of symmetric cells with pure Zn and SEl-coated Zn foil in ZnSO,4 aqueous electrolyte at
1 mA cm~2. Voltage profiles of symmetric cells in DEE-1:10 with the temperature of (g) 80 °C to —20 °C and (h) 80 °C and —20 °C.
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assembled in symmetric cells with ZnSO, aqueous electrolyte
(Fig. 5(f) and Fig. S26, ESIT). It is found that the Zn plating/
stripping cycle life can still be significantly prolonged, compar-
ing to that without the pre-treatment. Therefore, the organic-
inorganic-coupled SEI layer is demonstrated to be robust even
in the strong polar aqueous electrolyte and provide effective
Zn”>" transport. The EIS results indicate that the cell with SEI
layer exhibits lower impedance compared with the cell con-
structed with pure Zn (Fig. S27, ESIt). This once again confirms
that the stable SEI layer can promote smooth ion transport at
the interface and reduce the charge transfer resistance.

Given that DEE is stable in a wide temperature window, the
Zn plating/stripping performance at high and low temperatures
was evaluated. As illustrated in Fig. 5(g), the cell with DEE
maintains a consistent voltage response in the wide tempera-
ture range of —20 °C to 80 °C. Meanwhile, the cell in DEE is
stably cycled at 80 °C, displaying superior rate performance and
cycling performance compared to ZnSO, aqueous electrolyte
(Fig. 5(h) and Fig. S28, ESIt). Similarly, at a low temperature of
—20 °C, the cell in aqueous electrolyte experiences abnormal
polarization and cannot even operate for 1 h, while DEE
enables the cell to achieve a long cycle life of 2500 h (Fig. S29,
ESIT). In short summary, the prolonged Zn plating/stripping
cycle life is proven in DEE due to the avoided HER, robust SEI
layer and compact Zn growth. The superior advantages of DEE
over aqueous electrolyte in a wide temperature window have
also been confirmed.

Cycling stability and practicality of ZMBs in DEE

Then, the viability of DEE was evaluated in Zn-V,0; full cells.
Initially, the solid-liquid contact angle between V,0Os cathode
and two electrolytes was tested. Notably, the contact angle
between DEE and V,05 cathode is only 24° (much lower than
the 113° of ZnSO, aqueous electrolyte), signifying excellent
wettability of the cathode by DEE with a lower interface free
energy (Fig. $30, ESIt)."’ The superiority of DEE was further
highlighted by comparing the self-discharge resistance of Zn-
V,05 full cells in two electrolytes. It can be observed that
following a 48-hour standing period, the full cell in ZnSO,
electrolyte only retains 75.1% of its initial capacity, significantly
lower than the 90.9% retention in DEE (Fig. 6(a) and Fig. S31,
ESIt). Furthermore, the full cell in DEE was measured at 0.2,
0.5,1,and 2 A g~ ', yielding discharge capacities of 273.4, 172.0,
120.5, and 72.7 mA h g7, respectively. Even when the current
density returns to 0.2 A g, a capacity of 237.8 mA h ¢ ' can
still be recovered, demonstrating excellent rate performance
(Fig. 6(b)). The galvanostatic charge-discharge (GCD) curves at
different current densities are presented in Fig. S32 (ESIt). At a
current density of 1 A ¢!, Zn-V,0s full cell using DEE can
operate stably for 1000 cycles (Fig. 6(c)). Considering the above-
mentioned challenges at low current densities, an attempt was
made to evaluate the effectiveness of DEE on Zn-V,05 full cell
under corresponding conditions. Remarkably, the full cell can
still maintain a capacity of 170.4 mA h g~ " after 300 cycles at
0.2 A g~ " and a capacity retention rate of 78.0% after 300 cycles
at 0.5 A g~ ' (Fig. S33, ESIt). Simultaneously, the GCD curves
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under different cycles exhibits consistent charge-discharge
platforms at high and low current densities (Fig. S34, ESIT).
However, the capacity retention rate of Zn-V,0s full cell
in ZnSO, aqueous electrolyte is only 10.8% after 300 cycles at
0.2 A g~ (Fig. S35, ESI{). Although aqueous electrolyte includes
additional H' insertion process that is not present in DEE and
exhibits higher initial capacity, the rapid decrease in stability as
the reaction progresses offsets this advantage of aqueous
electrolyte. Additionally, the CE in the aqueous electrolyte
begins to fluctuate after 320 cycles at 1 A g~', which may be
caused by side reactions on the electrode side and uneven Zn
deposition. To further demonstrate the application potential of
DEE, the performance of Zn-V,Os full cell with DEE was tested
over a wide temperature range. When the temperature
increases to 80 °C, an initial capacity decay is observed due to
the accelerated chemical reactions induced by the elevated
temperature.®>~>> However, over time, the thermal stability of
DEE contributes to the stable operation of Zn-V,0s full cell at
the high temperature (Fig. 6(d)). Furthermore, even when the
temperature changes to —20 °C, the full cell in DEE can operate
stably for 600 cycles with a residual capacity of 76.7 mA h g~".

Given the significant electrochemical performance endowed
by DEE in coin cells, Zn-V,05 pouch cells were further
assembled. Notably, DEE can sustain the pouch cell to a long
lifespan of 300 cycles, with a capacity of 130.1 mAh g ' and a
retention rate of 66.9% (Fig. 6(e)). To clarify safety, comprehen-
sive safety tests were conducted on Zn-V,Os pouch cell.
Obviously, after being pricked and cut, the pouch cell can still
power the calculator without any short circuit or combustion,
underscoring the astonishing safety provided by this new
electrolyte (Fig. S36, ESIf). As the operating voltage of ZMBs
is lower than other metal batteries, a series connection is
designed to obtain ZMBs that can participate in industrial
competition.”®®” Unlike the series connection using external
wires in other works, the internal linkage is employed to
achieve more flexible and thinner pouch cells with a thickness
equivalent to that of a coin cell (Fig. 6(f)). At the same time, this
series-connected pouch cell can provide a stable voltage of
2.807 V (Fig. 6(g)). Surprisingly, owing to the excellent stability
of DEE across a wide temperature range, the corresponding
series-connected pouch cell can supply energy to a night light
for more than 3 minutes at temperatures of —20 °C, 25 °C, and
80 °C, respectively (Fig. 6(h), Fig. S37 and Video S1, ESIY).

To fully demonstrate the high-voltage tolerance of DEE, Zn-
ion hybrid capacitors were prepared using commercial acti-
vated carbon as cathode, Zn foil as anode, and DEE as electro-
lyte. The capacitors were firstly evaluated by cyclic voltammetry
(CV) and GCD technique. As is shown in Fig. 6(i), the CV
profiles present a quasi-rectangle shape without any polariza-
tion trend when the voltage window is extended to 2.5 V.
Besides, when working voltage is set from 0.1 V to 2.5 V, the
CV curves at a high scan rate to 100 mV s~ " can still retain a
quasi-rectangular shape with little distortion (Fig. S38, ESIT).
Similarly, the GCD curves for different operating voltage windows
maintain an approximately triangular shape up to 0.1-2.5 V, and
display no significant IR drop at the beginning of discharging

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Cycling stability and practicality of the DEE-based energy storage. (a) Self-discharge resistance, (b) rate performance, and (c) cycling performance
of Zn-V,0s full cell. (d) Long-term cycling performance of Zn-V,0Os full cell with temperatures of 80 °C and —20 °C. (e) Cycling performance of
Zn-V,0Os pouch cell at 0.2 A g~ (f) Optical image of a pouch cell in internal linkage (with a thickness equivalent to that of a coin cell). (g) The voltage
of 2.807 V provided by an internally series-connected pouch cell. (h) The series-connected pouch cell to drive a night light at temperatures of —20 °C,
25 °C, and 80 °C. (i) CV and (j) GCD curves of Zn-ion hybrid capacitor with different operating windows. (k) Long-term cycling performance of the

capacitor with the operating window ranging from 0.1V to 2.5 V.

(Fig. 6(j)). Such results demonstrate that an electrochemical
system using DEE as electrolyte can be operated stably over at
least 0.1 V to 2.5 V, which is significantly higher than that below
2 V with the aqueous electrolyte (Fig. S39, ESIt). Specifically,
the long-term cycling performance of Zn-ion hybrid capacitors
at 1 A g ' over a wide operating voltage window (0.1-2.5 V) is
shown in Fig. 6(k), which reveals 71.2% capacity retention after 800
cycles with high coulombic efficiency. The insets further provide
the GCD of the first and the last ten cycles, showing small
variations before and after long-term cycling. These results, com-
bined with DEE’s superb performance in ZMBs, confirm the

This journal is © The Royal Society of Chemistry 2024

wide temperature and electrochemical windows of DEE in
the field of energy storage, exceeding most of currently reported
electrolytes, particularly under harsh working conditions
(Table SS ESIT) 6,14,15,18,19,28,53-55,58-61

s .

Conclusions

In summary, we present a nonflammable eutectic electrolyte
with combined advantages, including the wide electrochemical
window of 3.0 V (vs. Zn/Zn"), wide thermal-stability window
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(about —70 °C to 160 °C). The formation mechanism and
solvation structure of DEE have been investigated experimentally
and theoretically. Importantly, due to its excellent physicochemical
properties, DEE has been demonstrated to eliminate hydrogen
evolution, induce a robust organic-inorganic-coupled SEI layer,
and promote compact Zn nucleation behavior, solving the corres-
ponding issues in counterpart aqueous electrolyte. Impressively,
the DEE also endows the stable Zn plating/stripping in Zn-Zn
symmetric cells and Zn-V,0s full cells over a wide temperature
range of —20 °C to 80 °C. Furthermore, DEE enables an operating
window of 0.1 V to 2.5 V for the Zn-ion capacitor. Our work
presents a promising electrolyte for high-performance practical
energy storage.
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