RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

Multifunctional Dual-Metal-Salt Derived Ternary Eutectic
Electrolyte for Highly Reversible Zinc lon Battery

Jianhui Li, Sigi Qin, Mi Xu, Wei Wang, Jiabin Zou, Yongguang Zhang,* Haozhen Dou,*

and Zhongwei Chen*

Deep eutectic electrolytes offer opportunities for tailoring solvation structure
and interface chemistry in advanced batteries, but developing deep eutectic
electrolytes for high-performance zinc ion batteries (ZIBs) remains a
challenge. Herein, multifunctional dual-metal-salt derived ternary eutectic
electrolytes (DMEEs) are designed via a supporting salt strategy for
dendrite-free and long-lifespan ZIBs. DMEEs are constructed by zinc
trifluoromethanesulfonate (Zn(OTF),), supporting salt of lithium
bis(trifluoromethanesulfonyl)imide, and neutral ligand of N-methylacetamide.
Noticeably, supporting salt with weak lattice energy not only induces the
reconstruction of intermolecular interactions to form ion pairs and ion
aggregates but also tailors the Zn?* solvation structure and solid electrolyte
interface (SEI). The developed DMEEs possess a dual-anion-rich Zn?*
solvation shell and induce an inorganic-rich hybrid SEI, which effectively
suppresses side reactions and obtains a dendrite-free Zn anode with high
reversibility. Remarkably, Zn//Zn cells demonstrate cycling stability for over
3000 h, and Zn//PANI full cells deliver no significant capacity decay after 5000

large-scale energy storage technology.!®?!
Among a series of energy storage technolo-
gies, lithium-ion batteries (LIBs) are the
mainstream due to their high energy den-
sity and technical maturity.['*15] However,
the growing cost of electrode materials and
the safety issues associated with toxic and
flammable organic solvent electrolytes have
motivated researchers to develop reliable
complementary Dbattery technology.[!*%]
Rechargeable zinc ion batteries (ZIBs)
have received great attention due to their
high safety, low cost, high theoretical ca-
pacity, and other remarkable features of
easy manufacturing and environmental
friendliness.?*-22] However, the practical
application of ZIBs faces challenges, the
abundant thermodynamically-active H,O
molecules of aqueous electrolytes react
with Zn anode, which subsequently leads

cycles at a high current density of 5 A g='. This work opens a new avenue to
design advanced deep eutectic electrolytes, and the deep understanding of
solvation structure and SEI offers guidelines for developing high-performance

batteries.

1. Introduction

Developing renewable energy such as solar and wind power is an
important way to alleviate energy pressure and environmental
problems,['>] which has triggered an ever-increasing demand
for designing safe, environmentally friendly, and cost-effective
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to the hydrogen evolution reaction (HER),
corrosion, and dendrites,!*2°! thus jeop-
ardizing the cycling stability of ZIB and
posing safety concerns. Various strategies
have been proposed for addressing these
issues, such as electrolyte additives,?"-%"]
zinc anode alloying,*®3!! and constructing
artificial protective layers.3233]  Despite great progress,
achieving highly reversible and dendrite-free Zn anode us-
ing aqueous electrolytes still remains a challenge, these
strategies have not fundamentally prevented the side re-
actions due to the existence of thermodynamically active
H,O0.

Deep eutectic electrolytes (DEEs) are typically obtained by
simply mixing Lewis acids and bases in the suitable molar
ratios.*3¢] DEEs are featured with excellent thermal stability,
ease of preparation, wide electrochemical window, low cost, and
high design flexibility, which offers the possibility to solve the
above-mentioned challenges with Z1Bs.[*”¥] Compared with the
widely used DEEs in lithium batteries, the current research of
DEEs for ZIBs is still in its infancy. The major challenge for de-
signing DEEs for ZIBs is the high lattice energy of zinc salt and
strong intermolecular interactions between high-charge-density
Zn?* and neutral ligands. The high lattice energy of zinc salt
potentially causes instability and even crystal precipitation in
DEEs. Additionally, the strong intermolecular interactions in-
duce the high viscosity and low ion conductivity of DEEs, which
also hinders the practical application of DEEs. Therefore, careful
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selection of neutral ligands and regulation of component ra-
tios are required for designing stable DEEs, and three design
strategies have been proposed so far. One effective strategy is
utilizing the expensive zinc bis(trifluoromethylsulfonyl)imide
(Zn(TFSI),) or hydrated zinc salts. DEEs have been constructed
by acetamide and Zn(TFSI),, and the weak lattice energy of
Zn(TFSI), facilitates the formation of ionic complexes to ob-
tain stable DEEs. Hydrated zinc salt (Zn(ClO,),-6H,0) has
been coupled with succinonitrile and methylsulfonylmethane to
form DEEs, which exhibit the lowered viscosity and increased
ion conductivity arising from the hydration effect.3**1 An-
other strategy is the direct addition of bipolar water molecules
as a building block for DEEs.[*!l However, water is a double-
edged sword, the addition of water can improve ion conduc-
tivity and interfacial reaction kinetics, but the excessive water
content will disrupt the DEE structure and induce side reac-
tions. Therefore, water content needs to be precisely controlled
to achieve a dynamic balance between improved Zn?* kinet-
ics and satisfactory reversibility.*?] Recently, organic solvent-
neutral ligands have been selected to form DEEs, and the
DEEs with ZnCl, -ethylene glycol or ZnSO,-7H,O-propylene gly-
col configuration are fabricated due to the high solubility of
zinc salt in polyhydric alcohol. Although these DEEs demon-
strate the distinct advantages of improving cycling stability, the
electrochemical performances still need to be optimized and
the high concentration of organic solvent poses a potential se-
curity risk. Therefore, developing a new design strategy for
DEEs is highly needed for the development of high-performance
ZIBs.

Herein, supporting salt strategy is proposed for devel-
oping multifunctional DEEs without active H,O, and a
novel type of dual-metal-salt derived ternary eutectic elec-
trolytes (DMEEs) are fabricated by integrating zinc triflu-
oromethylsulfonate (Zn(OTF),), supporting salt of lithium
bis(trifluoromethanesulphonyl)imide (LITFSI) and neutral
ligand of N-methyl acetamide (NMA). The introduction of
supporting salt with weak lattice energy not only contributes to
the formation of stable DMEEs but also endows DMEEs with
a wide operating temperature and electrochemical window.
Moreover, the supporting salt significantly tailors the Zn%**
solvation structure, while the Li* competes with Zn** for the
neutral ligand and donates TFSI~ to the Zn?* solvation shell,
thus forming dual-anion Zn?* solvation structure. More im-
portantly, the dual-anion solvation structure induces the in situ
formation of the inorganic-rich hybrid solid electrolyte interface
(SEI) due to the electrochemical decomposition of anions and
neutral ligands before Zn deposition. The synergistic effect of
the dual-anion solvation shell and in-situ hybrid SEI eliminates
HER and corrosion, as well as guides uniform Zn deposition.
Remarkably, Zn//Zn symmetrical cell demonstrates a highly
reversible Zn?* plating/stripping for over 3000 h, and a full cell
paired with a polyaniline (PANI) cathode shows no significant
capacity decay after 5000 cycles at a current density of 5 A g
with a coulombic efficiency close to 100%. The supporting salt
strategy opens a new avenue to design advanced eutectic elec-
trolytes, and the deep understanding of Zn?* solvation structure
and SEI offers guidelines for developing high-performance
batteries.
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2. Results and Discussion

2.1. Electrolyte Design and Intermolecular Interactions

DMEEs were fabricated by mixing LITFSI, Zn(OTF),, and NMA
in specific molar ratios. NMA proves to be a favorable ligand
for DEEs due to its dipolar nature arising from two polar func-
tional groups of C=0 and —NH.!*}] This dipolar nature enables
the effective coordination with both cation and anion of metal
salt. Compared to other amide ligands (such as urea, thiourea,
and acetamide), the introduction of a methyl group on the amino
in NMA effectively disrupts intramolecular hydrogen bond in-
teractions, resulting in lower viscosity of the prepared DEEs.
However, DEE formed by Zn(OTF), and NMA was unstable and
solidified after 2 h at room temperature (Figure S1, Support-
ing Information) due to the strong intermolecular interactions.
Therefore, a supporting salt strategy is proposed to obtain sta-
ble DEEs for ZIBs. LITFSI is selected as the supporting salt due
to its weak lattice energy, where the large-sized and electron-
delocalized TFSI has lower electrostatic interaction with metal
ions compared to OTF, and Li* exhibits lower cation—dipole in-
teractions with NMA ligand, thus significantly weakening the
intermolecular interactions.!*’) Moreover, compared with previ-
ously reported DEEs constructed by Zn(TFSI),, LITFSI exhibits
a much lower price (less than a quarter of Zn(TFSI),, Table S1,
Supporting Information), enhancing the economic feasibility of
DMEEs. The fabrication of DMEEs was shown in Figure 1a, and
mixing solid lithium salt, zinc salt, and NMA ligand at the desired
molar ratio of 2:1:9 (1:2:9 or 1:1:12) formed the homogeneous lig-
uid DMEE, abbreviated as DMEE219, DMEE129, or DMEE1112.
DMEEs were very stable due to the newly formed weak inter-
molecular interactions and maintained the homogeneous liquid
state with no precipitation even after 1 month of storage (Figure
S2, Supporting Information), demonstrating that our strategy
broadened the scope of DEEs and was also an effective method
to regulate the electrolyte structure.

DMEEs exhibited fascinating physical properties compared
with the baseline electrolyte of 2 M Zn(OTF), aqueous electrolyte
(abbreviated as ZF). As revealed by linear sweep voltammetry
(LSV) tests (Figure S3, Supporting Information), DMEEs exhib-
ited a more negative overpotential compared to the ZF electrolyte,
suggesting the suppressed HER in DMEEs due to the absence of
thermodynamically active H,O. Simultaneously, the oxygen evo-
lution reaction was also inhibited by DMEEs, as evidenced by
the increased OER overpotential. Moreover, DMEEs had much
lower volatility than of ZF, and the weight loss of DMEEs was
only ~2% after the volatility test in a 60 °C drying oven for 12 h,
whereas ZF exhibited a weight loss of up to 32.67% (Table S2
and Figure S4, Supporting Information). Figure S5 (Supporting
Information) reflected the freeze-resistance property of DMEEs,
and ZF was frozen at —30 °C, while DMEEs could withstand
—50 °C ultra-low temperature. Therefore, DMEEs offered a wider
working temperature range from —50 °C to +60 °C and demon-
strated the better temperature-adaptability of DMEEs than that
of ZF.

Intermolecular interactions of DMEEs were investigated by
Fourier Transform infrared spectroscopy (FTIR), 'H nuclear
magnetic resonance spectra ("H NMR), and Raman spectroscopy.
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Figure 1. Design of DMEEs and characterizations of intermolecular interactions. a) Schematic diagram of the preparation of DMEEs. b) FTIR spectra
of the O—H stretching mode and N-H stretching mode. c) FTIR spectra of the O—H bending mode and C=0 stretching mode. d) 'H NMR spectra.
e—g) Raman spectra of the DMEEs. h) Solvate species distribution obtained from the fitted Raman spectra in DMEEs (free anions (FA), loose ion pairs

(LIP), and contact ion pairs (CIP)).

In the FTIR spectra (Figure 1b,c), the peaks at 3319 and at
1638 cm™! were attributed to the O—H stretching mode and
bending mode of H,O, respectively. When Zn(OTF), was added
to H,0 to form the ZF electrolyte, the O—H stretching mode
shifted to 3356 cm™!, which indicated the strong interactions be-
tween Zn?* and H,O0, thus increasing the thermodynamic ac-
tivity of water and inducing HER reaction. As for NMA, the N-
H symmetric stretching vibration peak occurred at 3291 cm™!.
After adding metal salts, the peak shifted to 3340 cm™! in the
DMEE1112, indicating the breakage of intermolecular hydrogen
bond interactions among NMA molecules. Similarly, as the metal
salt (zinc salt or lithium salt) content further increased, the peak
continued to shift to 3380 and 3395 cm™! in the DMEE129 and
DMEE219, confirming the further disruption of hydrogen bond
interactions. Meanwhile, the peak at 1635 cm™! in the NMA spec-
trum was assigned to the C=0 stretching vibration, which shifted
to 1620 cm™! in the DMEE1112, indicating strong cation—dipole
interactions between metal cation (Zn?* and Li*) and NMA due
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to the solvation of zinc salt or lithium salt by NMA molecules. The
O atom of the C=0 donor group of NMA possessed high electron
cloud density and strongly coordinated with metal cations, which
weakened the electrostatic interactions between metal cation
(Zn** or Li*) and anion (OTF or TFSI). As the concentration
of metal salt increased, the C=0 stretching vibration exhibited
a larger blue shift and was located at 1619 cm~! for DMEE219
and 1617 cm™! for DMEE129, which indicated that more interac-
tions occurred between Li* and C=0 or between Zn?* and C=0.
The largest blue shift of DMEE129 suggested that the interactions
between Zn?* and C=0 were stronger than those between Li*
and C=0 due to the high charge of Zn?*. '"H NMR spectra were
also performed to understand the hydrogen bond interactions. As
shown in Figure 1d, the chemical shift of NH of NMA appeared
at 7.43 ppm, and the chemical shifts of CH; occurred at 1.68
and 2.40 ppm in the DMEE1112 electrolyte. The chemical shift of
NH of NMA moved to 7.15 ppm for DMEE129 and 7.02 ppm for
DMEE219, and the up-filed shift indicated the destruction of the
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Figure 2. Formation mechanism of DMEEs and Zn?* solvation structure. a) Breakage of ionic bonds and hydrogen bonds during the formation of
DMEEs. b) Solvation of Zn?* and Li* by NMA molecules and ion aggregates in DMEEs. c,d) Snapshots of MD simulations for ZF and DMEE219,
color bar: grey Li, red C, orange F, yellow S, white O, purple Zn, blue N, green H. e) Enlarged Zn?* solvation structure extracted from MD simulations.
f-h) RDF g(r) and coordination number N(r) of ZF and DMEE219. i) Average Zn?* solvation structure in ZF and DMEE219. j-I) lon and molecule
aggregation distribution of ZF and DMEE219, color bar: red H,O, white OTF, yellow TFSI, and blue NMA.

original hydrogen bond network among NMA molecules enabled
by the addition of more zinc salt or lithium salt. As shown in Ra-
man spectra (Figure 1e,f), the symmetric stretching peak of N—H
was located at 2936 cm™! in the NMA and exhibited different blue
shifts in the DMEEs, and the stretching vibration peak of C—N
also underwent the slight blue shifts in the DMEEs due to the
strong interactions between C=0 and metal cation, being con-
sistent with the FTIR results. Furthermore, stretching vibration
peaks of OTF and TFSI in the DMEE129 and DMEE219 moved
to higher wavenumber compared with DMEE1112, which sug-
gested the formation of more contact ion pairs and ion aggregates
with the addition of more metal salt, demonstrating the partici-
pation of OTF or TFSI into the Zn?* solvation shell (Figure 1g,h).
Based on the above spectroscopy characterization, the formation
mechanism of DMEEs is elaborated. Mixing NMA and metal salt
effectively eliminated the intramolecular hydrogen bond interac-
tions of NMA and weakened the cation-anion electrostatic inter-
actions (Figure 2a). Meanwhile, the strong cation-dipole interac-
tions between the metal cation and C=0 resulted in the weakend
hydrogen bond interactions in NMA molecules and the solvation
or insertion of metal salt by NMA molecules, which contributed
to the dissociation of metal salt and generated more ion pairs
and ion aggregates, thus delocalizing the charge of both cation
and anion and generating the homogeneous and stable DMEEs
(Figure 2b).
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2.2. Solvation Structure of DMEEs

The solvation structure of ZF and DMEE was investigated by
molecular dynamics (MD) simulations and density functional
theory (DFT) calculations. As seen from snapshots and split-
ting of MD simulations, the bulk structure of DMEE under-
went significant changes compared with ZF. In ZF, Zn?** and
OTF were surrounded by abundant H,O molecules with uniform
distribution (Figure 2c; Figure S6, Supporting Information). In
DMEE, the introduction of LITFSI brought more possibilities
for the solvation shell, lithium salt provided TFSI anions for the
Zn?*solvation shell, and the OTF anions from Zn(OTF), also
enriched the Li* solvation shell, while the neutral ligand NMA
participated in the both Li* and Zn?* solvation shell (Figure 2d;
Figure S7, Supporting Information). The typical ionic and molec-
ular microenvironment ~2 adjacent metal cations were extracted
from MD simulations, which further highlighted the different
solvation structures in ZF and DMEE (Figure 2e). In ZF, two ad-
jacent Zn?* cations coordinated with 6 H,0 molecules and 3 OTF
anions, while the adjacent Zn?* and Li* were solvated by 2 NMA
molecules, 5 OTF anions, and 3 TFSI anions in DMEE, demon-
strating the effective modulation of solvation structures by addi-
tion of lithium salt.

Radial distribution function (RDF) and coordination num-
ber (CN) were applied to reveal the Zn?* solvation shell

© 2024 Wiley-VCH GmbH
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Figure 3. Interface chemistry. a—e) XPS spectra of Zn anode after 30 cycles in DMEEs with in-depth profiles at Art sputtering time of 0, 180, and 600 s
(from up to bottom): F1s (a), S2p (b), C1s (c), Ols (d), and Zn2p (e). f,g) 3D views of element distribution in the sputtering volume of TOF-SIMS for
ZF (f) and DMEEs (g). h) Dendrites and side reactions on the Zn anode in ZF and SEI of Zn anode in DMEEs.

quantificationally. The H,0-Zn?* RDF in ZF indicated the coor-
dination peak at 1.975 A with a CN of 5.27, while Zn?**-OTF RDF
showed the coordination peak at 1.725 A with a CN of 0.73, which
suggested Zn?* primary solvation shell was composed of 5.27
H,O molecules and 0.73 OTF anion on average (Figure 2f). As
shown in Figure 2g, the Zn?>*-NMA, Zn**-OTF, and Zn**-TFSI
coordination peaks were located at 2.025, 1.675, and 1.975 A with
the CN of 2.74, 1.63, 1.63, respectively, demonstrating a signifi-
cant change in Zn?*solvation structure in DMEE. Additionally, as
revealed by RDF and CN, the Li*-NMA, Li*-OTF, and Li*-TFSI
coordination peaks occurred at 1.925, 1.625, and 1.925 A, and Li+
formed a solvation shell with 1.91 NMA, 0.92 OTF, and 1.36 TFSI
(Figure 2h). As highlighted by CN of Zn?** and Li*, the addition
of lithium salt provided Zn?* with TFSI anion, while the dissoci-
ated Li* competed with Zn** for NMA neutral ligands. Figure 2i
presents the average Zn?* solvation structures of ZF and
DMEEs. ZF possessed a water-rich solvation structure, which
generated abundant active H, O, thus accelerating parasitic reac-
tions such as HER and corrosion. In contrast, DMEEs possessed
dual-anion-rich solvation structure, thereby avoiding parasitic re-
actions and being likely to induce the anion-dominated interface
chemistry.

Molecular dynamics simulations were also performed to gain
insight of the nanostructure and the related component aggre-
gation of DMEEs (Figures 2j-1). In ZF, the OTF anions were
discretely dispersed in the continuous phase of aggregated H,0
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molecules (Figure 2j; Figure S8, Supporting Information). How-
ever, in DMEEs, OTF and TFSI anions started to aggregate into
a continuous phase, which interpenetrated with the continuous
phase of aggregated NMA molecules, thus forming the bicon-
tinuous nanostructure (Figure 2k ]; Figure S9, Supporting Infor-
mation). Furthermore, the free energy of two adjacent solvated
metal cations of ZF and DMEEs was calculated by DFT calcu-
lation (Figure S10, Supporting Information). The free energy of
two adjacent solvated Zn’* was 72.73 eV in ZF, while the free
energy of two adjacent solvated Zn?* and Li* was 63.70 eV. The
lower free energy will contribute to the fast desolvation process
during Zn?* plating.

2.3. SEI Chemistry and Structure of Zn Anode

Interface chemistry of Zn anodes after 30 cycles in ZF and DMEE
was characterized by X-ray photoelectron spectroscopy (XPS)
and time-of-flight secondary ion mass spectrometry (TOF-SIMS).
The XPS survey spectra confirmed the higher F content of Zn
anode in DMEEs in comparison to ZF (Figure S11, Supporting
Information). In the Fls spectra (Figure 3a; Figure S12a, Sup-
porting Information), the peak at 685.7 eV was assigned to inor-
ganic ZnF,, which originated from the electrochemical decompo-
sition of OTF or TFSI. ZnF, content of the Zn anode in DMEEs
was significantly higher than that in ZF at different sputtering

© 2024 Wiley-VCH GmbH
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times due to the dual-anion-rich solvation structure. In the S2p
spectra (Figure 3b; Figure S12b, Supporting Information), ZnS
(162.6 €V), ZnSO, (168.9 eV), and organic S (170.4 eV) could be
observed, inorganic ZnS and ZnSO, were the dominated com-
ponents of Zn anode in DMEEs, while the organic S component
from OTF exhibited much higher content in ZF due to the side
reactions. In the Cls spectra (Figure 3c; Figure S12¢, Support-
ing Information), three signal peaks at 284.3, 285.4, and 290.5 eV
were ascribed to C—H/C—C, C—N/C—0, and ZnCO;, which fur-
ther highlighted the electrochemical decomposition of OTF in
both ZF and DMEEs. Organic carbon components were much
higher than ZnCO, in ZF, while ZnCO; was the main compo-
nent of Zn anode in DMEEs, which could still be detected af-
ter 600 s sputtering. In the O1s spectra (Figure 3d; Figure S12d,
Supporting Information), Zn anode in ZF presented three com-
ponents of S—O (532.7 eV), ZnCO; (531.1 eV), and Zn(OH),
(530.5 eV), and the high content of S—0 and Zn(OH), indicated
the irreversible side reactions, which hindered the formation of
stable SEI in ZF. While SEI of Zn anode in DMEEs comprised
a high content of C=0 component, which was attributed to the
electrochemical decomposition of NMA. Moreover, the favorable
inorganic component of ZnO (530.8 eV) was formed in DMEEs.
Zn2p spectra indicated a significantly higher Zn**content on Zn
anode surface of DMEEs, suggesting that large amounts of zinc
compounds gathered on the surface of Zn anode and contributed
to the formation of dense SEI (Figure 3e; Figure S12e, Support-
ing Information). Moreover, the N1s peak at 399.4 eV can be
attributed to organic N—C species originating from TFSI,[444]
while the Lils peak at 55.6 eV corresponds to Li—F and the
peak at 56.4 eV corresponds to Li—O.[**¢] N1s and Lils spec-
tra highlighted the addition of lithium could tailor the inter-
face chemistry of Zn anode in DMEEs (Figure S13, Supporting
Information).

The element and compound distribution in the SEI was fur-
ther studied using TOF-SIMS. As shown in Figure 3f,g, com-
pared to ZF, the Zn anode in DMEEs exhibited an even and
dense Zn plating with no visible craters, and all elements were
distributed only in the surface layer, indicating a uniform SEI
structure. Similar results were confirmed from the distribution of
various compounds (Figure S14, Supporting Information). The
normalized depth profiles of TOF-SIMS (Figure S15, Support-
ing Information) showed the ever-increasing Zn element with
the prolonging of the sputtering time, indicating the unstable in-
terface chemistry of Zn anode in the ZF. In contrast, Zn element
of Zn anode in DMEEs witnessed a rapid increase and reached
the stable content after 200 s, and the content of other elements
also experienced a rapid increase and then a rapid decrease with
approaching zero, which further suggested the formation of a
uniform SEI layer. As illustrated in Figure 3h, the Zn anode in
ZF suffered from severe corrosion and dendrite growth, and the
generated compounds such as ZnF, and ZnS were discretely dis-
tributed on the Zn anode. While an inorganic-rich hybrid SEI
containing ZnF,, ZnS, ZnSO;, ZnCO;, ZnO, and organic com-
ponents was in-situ constructed in DMEEs due to the more de-
composition of anions and NMA induced by the dual-anion sol-
vation structure of DMEEs, which suppressed side reactions and
manipulated the uniform Zn?* deposition to obtain highly re-
versible Zn anode.
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2.4. Structural Evolution of Zn Anode

The structural evolution of Zn anodes in ZF and DMEEs was in-
vestigated by multiple characterizations. As seen from scanning
electron microscope (SEM) images, Zn anode after immersion in
ZF for 14 days was covered with irregular sheet-like by-products
(Figure S16, Supporting Information), indicating the continuous
corrosion reactions. In contrast, Zn anode immersed in DMEEs
maintained its original smooth surface, which suggested the
DMEEs electrolyte effectively prevented the chemical corrosion
of Zn anode. The morphology of Zn anode after different cycles
in ZF and DMEEs was analyzed by SEM (Figure S17, Supporting
Information). Zn anode surface in ZF after 10 cycles exhibited
noticeable zinc dendrites with disorderly arrangement and a
tendency for vertical growth (Figure 4a). After 30 cycles, sheet-
like dendrites continued to grow in size (Figure 4b). It could be
foreseen that if the battery continued to work, the zinc dendrites
would continue to grow, eventually puncturing the separator
and leading to a short circuit. In addition, small cracks were
observed on the Zn anode surface, which was not conducive to
the long-term cycling of Zn anode. It was noteworthy that Zn
anode exhibited a regular layer-like deposition with a dense and
uniform structure after ten cycles in DMEEs (Figure 4c). Even
after 30 cycles, Zn anode remained layered morphology with
intact and clear texture, indicating that the DMEEs electrolyte
significantly suppressed side reactions and regulated the depo-
sition morphology of Zn anode (Figure 4d). The cross-section
morphology of Zn anodes after 30 cycles was obtained using
a focused ion beam-scanning electron microscope (FIB-SEM).
As shown in Figure 4ef, Zn anode cycled in ZF exhibited
an uneven deposition morphology with an irregular porous
structure, which resulted in the rapid volume expansion of Zn
anode and increased contact area between the fresh Zn anode
and the electrolyte, eventually accelerating the uncontrolled
side reactions. In contrast, Zn anode in DMEEs obtained a
uniform and dense structure with a high stacking density, sig-
nificantly improving the reversibility of Zn anode (Figure 4g,h).
X-ray diffraction (XRD) was used to analyze the crystal struc-
ture and orientation of Zn anode. As shown in Figure 4i,
(002) crystal plane (36°) of Zn anode significantly increased in
DMEEs after 30 cycles compared to ZF, which indicated DMEEs
promoted the oriented growth of Zn along the (002) plane,
thereby suppressing the growth of zinc dendrites. Meanwhile,
no significant peak of by-products was observed, indicating
that the DMEEs could suppress the generation of by-products.
In contrast, in the XRD pattern of the Zn anode cycled in
ZF, clear peaks of the by-product Zn (OTF) (OH),, nH,0
were observed, which led to abnormal consumption of
Zn anode.

Encouraged by the morphology regulation of Zn anode by
DMEE;, cyclic voltammetry (CV) and chronoamperometry (CA)
curves of Zn//Ti cells were measured to further investigate
the initial nucleation and Zn?* diffusion behavior. Compared
to ZF, the nucleation overpotential of DMEEs obviously in-
creased, resulting in a decrease in nucleation radius and an
increase in nucleation quality, which was beneficial for even
Zn?* deposition (Figure 4j). The nucleation behaviors in ZF
and DMEEs were captured by SEM characterization (Figure S18,
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cycles in ZF and DMEE. j) CV curves of Zn//Ti cells in ZF and DMEE at 1 mVs~. k,I) In situ optical microscopy characterization of Zn deposition in ZF

and DMEE.

Supporting Information). Within 12 min of Zn?* deposition in
ZF, Zn anode exhibited nonuniform nucleation and dendrite
growth, starting from bits of crystal nuclei and fragmented pro-
trusions, and ending up large-sized dendrites. In contrast, the
number of nuclei increased and their size decreased for Zn
anode in DMEEs, contributing to the dense and smooth de-
position. Additionally, Zn?* diffusion was investigated through
CA tests (Figure S19, Supporting Information). In ZF, the cur-
rent density exhibited a continuous increase within 300 s, in-
dicating prolonged and extensive 2D diffusion. In contrast, a
stable 3D diffusion was established after 50-s 2D diffusion in
DMEEs, indicating the uniform Zn?* diffusion and even depo-
sition, as evidenced by the stable and significantly reduced cur-
rent density. Therefore, DMEEs could regulate the Zn nucleation
and induce Zn?* uniform deposition to obtain a dendrite-free
Zn anode.

In situ optical microscopy was performed to visualize the Zn**
deposition at 1 mA cm™ for 30 min. Zn’* preferentially de-
posited on the initially protruding tips and continued to grow
in the same position accompanied by the evolution of gas bub-
bles in ZF, which suggested the severe dendrite growth and HER
(Figure 4k). In sharp contrast, Zn deposition in DMEEs main-
tained the dense and uniform morphology without gas evolution,
further validating the effectiveness of DMEEs in regulating Zn**
deposition behavior to promote high reversibility of Zn anode
(Figure 41).
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2.5. Electrochemical Performance

Cycling stability and coulombic efficiency (CE) of Zn strip-
ping/plating with DMEEs were investigated by using Zn//Zn
and Zn//Cu cells. Zn//Zn cell employing ZF exhibited stable op-
eration for only 120 h (Figure S20, Supporting Information), and
the cell voltage suddenly dropped with losing the charge and dis-
charge peaks due to the internal short circuits caused by den-
drite penetration. In contrast, Zn//Zn cells with DMEEs exhib-
ited a significantly prolonged lifetime with stable polarization val-
ues below 70 mV (Figure S21, Supporting Information). Both
DMEE1112 and DMEE129 afforded the cycling stability of 600
and 700 h. Especially, Zn//Zn cells using DMEE219 electrolyte
demonstrated cycling stability for over 2600 h at 0.1 mA cm™
and 0.1 mAh cm™, which was 20 times higher than that of
ZF. Therefore, DMEE219 electrolyte was used as a representa-
tive for the subsequent battery measurements. Remarkably, upon
elevating the current density to 0.5 mA cm™?, DMEEs could
extend the cycling life of Zn//Zn beyond 3000 h with stable
voltage-time curves (Figure 5a; Figure S22, Supporting Informa-
tion), outperforming many previously reported Zn//Zn batter-
ies based on eutectic electrolytes and highly concentrated elec-
trolytes (Table S3, Supporting Information).3>4*47#1 Zn//Zn
cells utilizing DMEEs consistently demonstrated stable volt-
age polarization at the elevated current density from 0.1 to
0.5 mA cm~2. More impressively, when the current density was
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Figure 5. Electrochemical performance. a) Cyclic performance of Zn//Zn cells using ZF and DMEEs with 0.5 mA cm~2 and 0.1 mAh cm~2. b) Rate
performance at the fixed 1 h charge/discharge time under current densities of 0.1, 0.2, 0.3, 0.4, and 0.5 mA cm~2 with DMEEs. c) CE curves of Zn//Cu
cells in ZF and DMEEs at 0.1 mA cm~2 and 0.1 mAh cm~2. d) Capacity-voltage curves of Zn//Cu cells with DMEEs at 0.1 mA cm~2 and 0.1 mAh cm~2.
e) Rate performance of Zn//PANI full cells using ZF and DMEEs. f) Discharge/charge voltage curves of Zn//PANI full cell with DMEEs. g) Cycling
performance of Zn//PANI full cell at 1 A g=". h) Cycling performance of Zn//PANI full cell at 5 A g~".

recovered to 0.1 mA cm™2, the cell continued to operate normally
with almost 100% voltage recovery, further underscoring the ex-
ceptional rate performance (Figure 5b). Furthermore, Zn//Zn
cells with DMEEs could stably operate at a high current density of
1 mA cm™2, as evidenced by the stable voltage-time curve (Figure
S23, Supporting Information). The significantly improved cy-
cling stability of Zn//Zn cells mainly lies in the dual-anion-rich
Zn?* solvation shell and inorganic-rich hybrid in situ SEI.

CE of Zn anode with ZF and DMEEs was further studied by
Zn//Cu cells. As revealed in Figure 5c, CE of the Zn//Cu cell
with ZF exhibited irregular fluctuations with an average value of
83.2% during the initial 30 cycles and quickly dropped to zero
after 40 cycles. In contrast, Zn//Cu cell provided cycling stabil-
ity for over 600 cycles, and a high and stable CE of over 98.4%
during the initial 100 cycles was obtained, which increased up to
99.3% for the final 100 cycles. As highlighted by capacity-voltage
curves (Figure 5d; Figure S24, Supporting Information), ZF de-
livered unstable voltage curves while the stable charge/discharge
curves and acceptable polarization (%86 mV) were achieved in
DMEEs.

Zn//PANI (polyaniline) full cells were employed to verify the
practical applicability of DMEEs. The electrochemical behavior of
PANI in DMEEs was understood by CV curves (Figure S25, Sup-
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porting Information). CV curves exhibited two sets of reversible
redox peaks and overlapped well in two cycles with no signifi-
cant decrease in peak current, indicating the high stability and re-
versibility of PANI cathode in the DMEEs. The excellent rate per-
formance of Zn//PANI cell was achieved by DMEEs (Figure 5e),
which exhibited a high and stable specific capacity at all current
densities from 0.5 to 5 A g~!. Upon reverting the current density
to 0.5 A g1, the capacity rebounded to 195.5 mAh g~!, show-
casing the fast interface reaction kinetics. The corresponding
charge/discharge curves at different current densities are shown
in Figure 5f. The cycling performance of Zn//PANI full cells with
ZF and DMEEs at 1 A g=! was shown in Figure 5g. The capac-
ity of full cells with ZF rapidly declined in the initial stage and
witnessed severe fluctuations after 700 cycles, followed by cell
failure. In contrast, the full cell with DMEEs exhibited a capac-
ity of 177.2 mAh g after 1500 cycles with a capacity retention of
90.6%, demonstrating better reversibility. Additionally, long-term
cycling stability of Zn//PANI full cells was also obtained at a high
current density of 5 A g~! (Figure 5h), further demonstrating the
superiority of DMEEs. Notably, even after 5000 cycles, the battery
maintained a specific capacity of 91.7 mAh g=' with a capacity re-
tention of 88.5%, and the coulombic efficiency remained close to
100%. The excellent electrochemical performance of Zn//PANI
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full cells demonstrated the great potential of DMEE:s for practical
application.

3. Conclusion

In conclusion, we proposed a novel supporting salt strategy to de-
sign multifunctional DMEEs for highly reversible ZIBs. DMEEs
were constructed by Zn(OTF),, supporting salt of LITFSI, and
neutral ligand of NMA, which showed a wider operating temper-
ature and electrochemical window compared with ZF. The in-
troduction of LITFSI with weak lattice energy disrupted the hy-
drogen bond interactions among NMA molecules, induced more
cation—dipole interactions, and weakened cation-anion electro-
static interactions, which contributed to the formation of ion
pairs and ion aggregates, thus generating the homogeneous and
stable DMEEs. Moreover, the addition of lithium salt provided
Zn?* with TFSI anion, while the dissociated Li* competed with
Zn?* for NMA neutral ligands, thus endowing the DMEEs with a
dual-anion rich solvation shell. More importantly, inorganic-rich
SEI was in-situ constructed by the electrochemical decomposi-
tion of anions and NMA, which suppressed side reactions and af-
forded dendrite-free Zn anode due to effective regulation of both
Zn?* nucleation and diffusion. As a result, the Zn anode deliv-
ered high reversibility for over 3000 h, and the Zn//PANT cell
maintained commendable capacity retention of 88.5% even after
5000 cycles at a high current density of 5 A g~!. This work had sig-
nificant implications for developing versatile eutectic electrolytes
for high-performance batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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