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This study designs ethanolamine-based hydrated eutectic
electrolytes to stabilize Zn anode through coregulating solvation
structure and interfacial adsorption. EA interacts with Zn?* for
suppressed H,0 and anion (OTf) coordination, and preferentially
anchors on Zn anode. Therefore, superior lifespan of Zn||Zn cells
for over 1800 h at 2 mA cm2/2 mAh cm2, and enhanced stability of
active carbon cathode are obtained.

Aqueous Zn anode-based energy storage device receives broad
attention for its intrinsic safety, abundant resources, low
standard potential (-0.76 V vs. SHE), and high theoretical
capacities (820 mAh g, 5855 mAh L?).! However, dendrite
growth originated from unlimited two-dimensional (2D) Zn?*
diffusion and water-induced parasitic reactions arising from
abundant water in free or coordination state confine the
application of Zn anode. Featuring high tunability, superior
dissolution ability, and favored thermal/ electrochemical
stability, eutectic electrolytes can resolve the above-mentioned
problems.? By virtue of hydrogen-bond interaction in eutectic
network, the Grotthuss-mediated proton transfer and hydrogen
evolution reaction (HER) can be inhibited.> Meanwhile, the
introduced organic ligands can coordinate with Zn?* through
Lewis acid-base interaction and generate an adsorption layer on
Zn anode, thereby attuning interface chemistry like solid-
electrolyte interphase (SEI) and electric double layer (EDL).

The inherent high viscosity of deep eutectic solvents (DESs)
gives rise to a large overpotential of eutectic electrolytes and
promotes the research of hydrated eutectic electrolytes (HEEs).
Generally, substituting solid ligands like urea*® and acetamide®
with liquid ones® can promote the ionic dissociation of zinc salt.
Meanwhile, applying zinc salt with high dissociation ability like
Zn(OTf); also contributes to higher ionic conductivity. For
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example, multiple alcohol molecules like 2-propanol,” ethylene
glycol,® and 1,3-propanediol® are incorporated in Zn(OTf),-
based HEEs for commendable bulk mass transfer with confined
water activity. Similarly, amino alcohol with bifunctional groups
of -OH and -NH; exhibits high polarity for interfacial adsorption
and is conducive to attuning Zn?* coordination structure.10 11

Herein, we construct ethanolamine (EA)-based HEEs with
highly dissociated Zn(OTf),, in which the solvation structure and
interfacial chemistry are modified for byproduct-free Zn anode.
EA interacts with H,O through hydrogen bond interaction, and
participates in Zn?* solvation shell for reduced H,O and OTf
coordination. Besides, endowed by the preferential adsorption
of EA molecules, EA-based HEEs manifest Zn?* aggregated and
OTf excluded interface for enhanced EDL capacitance and
promoted interfacial kinetics. Consequently, a clear Zn anode
surface without OTf-derived interphase is obtained for
inhibited parasitic reactions. Zn||Zn cells deliver a profound
lifespan of 1800 h at 2 mA cm=2/2 mAh cm2. When paired with
active carbon cathode, EA-based HEEs render a higher discharge
capacity with a capacity retention of 85% for 5000 cycles, and

deliver favorable low-temperature performance at -20°C.

The electrostatic potentials (ESP) of H,O and EA molecules
are shown in Fig. 1a. H,O displays a bipolar nature. EA is an
amino alcohol and contains two distinctive functional groups of
-OH and -NH;.1> 13 Since EA is miscible with water in any
proportions,'* here we mix H,O with EA at different volume
ratios, fix the content of Zn(OTf); as 1 M (mol L), and denote
1M Zn(OTf); in H,O: EA = 3:2 as HE32 electrolyte. With
increasing water content, the viscosity of HEEs decreases from
38.4 mPa s in HE14 to 5.4 mPa s in HE32, and the ionic
conductivity augments from 2.6 mS cm? to 13.3 mS cm??,
suggesting the more complete salt dissolution in HE32 (Fig. 1b).
About electrolyte performance, Zn||Zn cells with HE32 deliver
the longest lifespan of 1800 h at 1 mA cm2/1 mAh cm?,
combined with the comparable overpotential with Zn(OTf),
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electrolyte (Fig. S1, ESI). In the “reservoir half-cell” galvanosta-
tic protocol, Zn| | Cu cells with HE32 deliver a higher average CE
of 98.5% with a steady voltage profile, confirming the optimal
performance of HE32 electrolyte (Fig. S2, ESI¥). Differential
Scanning Calorimetry (DSC) shows that in the cooling process,
the freezing point is largely reduced from Zn(OTf); (-27.3 °C) to
HE32 electrolyte (-49.2 °C) (Fig. S3, ESI¥). With lower water
content, the melting point reduces, and the exothermic peak
weakens (Fig. 1c). The consistent glass transition temperature
of HEEs below -100 °C validates the formation of DESs.

Furthermore, the chemical coordination in electrolytes is
analyzed via spectral characterization and molecular dynamics
(MD) simulation (Fig. S4, S5, Table S1, ESI%). As shown in Fig. 1d,
the symmetric stretching vibration of SO3 is deconvoluted into
three peaks: free anions (FA, 1028 cm™), loose ion pairs (LIP,
1033 cm?), and intimate ion pairs (IIP, 1041 cm™).8 HE14, HE12,
and HE11 nearly contain no FAs, while HE32 renders more FAs
and LIPs than Zn(OTf),, implying favored salt dissolution in
HE32. With increasing EA content, the stretching vibration of C-
0O at 1703 cm™ shifts positively, while the interaction of C-O to
Zn?* at 1468 cm ! undergoes red shift, suggesting the
strengthened coordination of EA to Zn%* (Fig. S7a, ESI%).%5
Meanwhile, the isolated water clusters undergo blue shift due
to hydrogen bonding interaction with EA molecules, as
evidenced by the redshift of the asymmetric stretching
vibration of NH; at 3310 cm™ (Fig. 1e). The hydrogen bond
number obtained from MD simulation also validates the
interaction of EA and H,O for decreased H,O-H,O interaction
(Fig. S6, ESI¥). The symmetric stretching vibration of CF; at
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Fig. 1 Physicochemical performance and chemical coordination environment of
electrolytes. (a) ESPs. (b) Viscosity and ionic conductivity. (c) DSC curves. Raman spectra
at (d) 1100~990 cm, (e) 3820~3000 cm?, and 790~730 cm™. (f) FT-IR spectra at
1700~1125 cm*. Radial distribution functions (RDFs) and primary solvation sheath (PSS)
of (g) Zn(OTf), and (h) HE32 electrolytes via MD simulation. (i) Mean square distribution
(MSD) functions of Zn?*.
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766 cm! experiences red shift, suggesting the shortened.bond
length of C-F and stabilized OTf anions IAOHEES OTHESEfiRerAEs
are in line with Fourier Transform Infrared Spectroscopy (FT-IR)
results (Fig. 1f, Fig. S7b, ESI¥).16: 17

MD simulation results are presented in Fig. 1g, h. Zn(OTf),
electrolyte delivers a nearly fully hydrated solvation shell with
5.56 H,O and 0.53 OTf participated in. While in HE32
electrolyte, EA with higher electron-donating ability than H,O
reduces the amount of solvated H,0 and OTf anions, giving rise
to the solvation structure of Zn(H20)4.06(0OTf)0.41(EA)0.202°°*. The
lower hydration degree of Zn?* in HE32 electrolyte decreases
water activity and contributes to promoting bulk Zn?* transfer.
According to the mean square displacement (MSD) of Zn%,
HE32 electrolyte displays a higher self-diffusion coefficient of
4x10°® cm? st than Zn(OTf); electrolyte (2x108 cm? s) (Fig. 1i).
Zn?* transference number in HE32 electrolyte also delivers a
larger value of 0.39 than Zn(OTf), electrolyte (0.11) (Fig. S8,
ESI+), validating the promoted Zn?* diffusion in EA-based HEEs.

With regard to interfacial behavior, the bifunctional groups
in EA will provide multiple anchor sites on Zn anode. EA
demonstrates a higher energy for the highest occupied
molecular orbital (HOMO) and a lower energy for the lowest
unoccupied molecular orbital (LUMO) than H,0, suggesting the
easier electron exchange between EA and Zn metal (Fig. 2a).18
Consequently, EA molecule performs a larger adsorption energy
of -2.31 eV than H,O (-0.28 eV), verifying the preferential
adsorption behavior of EA on Zn metal surface (Fig. 2b).* To
monitor the interfacial EDL structure, EDL capacitance in non-
Faraday interval and differential capacitance (DC) obtained by
impedance-potential test are measured. The fitted EDL
capacitance of Zn||Zn cells in HE32 is about 30 times higher
than that in Zn(OTf); electrolyte (2993 uF cm2 vs. 92 uF cm?)
(Fig. 2c, Fig. S9, ESI¥). Based on the equation C = €A/d, the
increase in C (EDL capacitance) implies an increase in A
(electrode effective surface area) and a decrease in d (EDL
thickness).!® The DCs obtained from Zn||Cu cells manifest an
identical tendency; HE32 performs a higher value across 0.2
~0.6 V (Fig. 2d). Since DC reflects the total charge of ions
adsorbed on Zn anode surface, a higher DC in HE32 electrolyte
suggests the exclusion of OTf at electrode-electrolyte interface
for reduced parasitic reactions, and the aggregation of ZnZ* for
dense and homogeneous Zn?* deposition.20

In contact angle measurements, HE32 electrolyte shows a
lower contact angle on Zn anode than Zn(OTf), electrolyte
(59.8° vs. 67.2°) (Fig. 2e). The promoted wettability and
hydrophilicity in HE32 electrolyte help to guide smooth Zn
deposition. After saturation for 48 h, Zn anode in HE32
electrolyte delivers a compact surface. While in Zn(OTf),
electrolyte, Zn anode is covered by massive irregular
byproducts, the effective surface area of Zn anode is accordingly
decreased (Fig. 2f).

Fig. S10, ESI+ reveals the chronoamperometry (CA) curves,
Zn(OTf), electrolyte renders the continuously increased current

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Preferential adsorption behavior and interface stability. (a) HOMO/LUMO energy
levels and (b) adsorption energies on Zn (002) plane. (c) EDL capacitances of Zn| |Zn cells.
(d) DCs of Zn| | Cu cells. (e) Contact angles. (f) SEM images of Zn anode saturated for 48
h. Sequential (g) CA curves and EIS plots in (h) Zn(OTf), and (i) HE32 electrolytes.

density and apparent Zn2* 2D diffusion. Sequential CA coupling
electrochemical impedance spectroscopy (EIS) measurements
are applied to investigate Zn?* deposition behavior. CA in
Zn(OTf), electrolyte exhibits a larger current response in total
and experiences a sharp decrease (Fig. 2g). As elucidated by EIS
plots, due to unrestricted Zn?* 2D diffusion to easy deposition
sites, the protrusions grow gradually, the interfacial impedance
decreases, and short circuit happens (Fig. 2h). While in HE32,
the current density stabilizes fleetly upon the first CA test,
indicating the well-regulated Zn2* 3D diffusion by EA adsorption
layer. Afterwards, Zn| | Zn cells exhibit nearly identical CA plots,
and the EIS curves remain steady throughout the deposition
process, verifying the consistent uniform deposition (Fig. 2i).

About interfacial kinetics, HE32 delivers incredibly smaller
charge transfer resistances (Rct), and the activation energy is
lower 38.94 kJ mol?, lower than that of Zn(OTf), (50.83 kJ mol
1) (Fig. 3a, Fig. S11, ESI%). The promoted EDL capacitance and
enhanced wettability in HE32 help to accelerate interfacial
dynamics. Besides, Zn(OTf), electrolyte exhibits larger yet
volatile CV curves, implying the rapid mass transfer and volatile
interface in aqueous electrolyte (Fig. 3b, c). While the consiste-
nt CV curves in HE32 verify that the stable interface is generated
at first and sustains for repeating cycles (Fig. S12, ESI¥).

Tafel plot reflects a much lower corrosion current density
of 2.02 mA cm2in HE32 electrolyte (Fig. 3d). After 50 cycles, Zn
anode in HE32 exhibits no parasitic products of Zn,(OTf),(OH).x-
ynH>0, and shows a higher tendency of Zn (002) growth
(loo2)/(100) = 2.35) (Fig. 3e).2! Reversely, Zn(OTf), electrolyte
manifests a higher corrosion current density of 3.07 mA cm,
and the cycled Zn anode shows multiple signals of byproducts.

This journal is © The Royal Society of Chemistry 20xx
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XPS spectra of cycled Zn anode in HE32 exhihit\a higher
content of C-O/C-N, confirming the adsoPptidA BFEAPREIEEAES
(Fig. 3f). Meanwhile, C 1s shows no signal of CFs3, F 1s, and S 2p
manifest quite weak peaks, fully verifying the exclusion of H,0
and OTf from Zn surface (Fig. 3g, h). The negatively shifted Zn
2p in HE32 electrolyte also implies fewer generated byproducts
(Fig. S13, ESI%). Whereas in Zn(OTf), electrolyte, the desolvated
and interfacial adsorbed OTf anions will experience reduction
and generate massive mossy byproducts like Zn,(OTf),(OH)ax-
y'NH>0, ZnF;, and ZnS. SEM images of cycled Zn anode in HE32
show compact deposition morphology (Fig. 3i). The uniform
distribution of Zn, O, and N elements indicates the beneficial
effect of EA adsorption layer for even Zn?* deposition. The
energy spectra and element proportions in Fig. S14, ESI¥ also
validate the absence of F and S elements in Zn metal surface.

To testify the practicability of HE32 electrolyte, the
electrochemical performance of Zn||Zn, Zn| |Cu cells, and full
batteries paired with active carbon (AC) are researched. Due to
enhanced interfacial kinetics, Zn||Zn cells in HE32 perform
drastically decreased Rc: at open circuit and after 50 cycles (Fig.
4a, Fig. S15, ESIf). Fig. 4b shows the cycling performance of
Zn||Zn cells at 2 mA cm?/2 mAh cm?. Those in Zn(OTf),
electrolyte endure a short circuit rapidly. HE32 electrolyte
enables steady operation of Zn||Zn cells for 1800 h, and the
overpotential is comparable with aqueous solution (Fig. S16,
ESI¥). About rate performance, HE32 operates normally from
0.2 mA cm=2to 3 mA cm?, and the overpotential reduces slightly
(Fig. 4c). While in Zn(OTf), electrolyte, Zn| | Zn cells malfunction
at the second 0.5 mA cm2. Cycled Zn anode in Zn(OTf); is mossy
and irregular, full of loose byproducts, Zn anode in HE32
displays compact morphology with (002) orientation (Fig. 4d).
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Fig. 3 Interface dynamics and component analysis. (a)Activation energies. (b) The first CV
cycles of Zn| |Ti cells at 1 mV s and (c) CV curves for 5 cycles in Zn(OTf), electrolyte. (d)
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Zn| | Cu cells with HE32 electrolyte operate steadily at 1 mA
cm2 for 2000 cycles, the average CE is 99.41%, higher than the
chaotic distribution in Zn(OTf), (Fig. 4e). The corresponding
voltage profiles presents better consistency in HE32 (Fig. 4f). In
HE32 electrolyte, the enhanced wettability toward AC cathode
(Fig. S17, ESI¥), the dramatically low interfacial impedance
(Rinter) and Rt (Fig. S18, ESI¥), and the larger EDL capacitance of
AC cathode (Fig. 4g, Fig. S19, ESI¥) contribute to improved
energy storage. A larger area in CV curves is observed in HE32
electrolyte (Fig. 4h). Therefore, HE32 electrolyte delivers an
initial discharge capacity of 53 mAh g1, and achieves a capacity
retention of 85% for 5000 cycles at 1 A g™* (Fig. 41, Fig. S20, ESI¥).
At different rates, HE32 electrolyte enables higher capacities
(Fig. S21, ESI%). Featured by the low freezing point, HE32
electrolyte maintains stable at -20°C and renders steady
operation at 0.1 A g for 100 cycles (Fig. S22, S23, ESI¥).

In conclusion, we design EA-based HEEs with highly
dissociated Zn(OTf),, achieve byproduct-free Zn anode through
coregulation of solvation structure and interfacial adsorption.
EA with -OH and -NH, confines water in eutectic network via
hydrogen bond interaction, and reduces the content of solvated
H,0, and OTf by Lewis acid-base interaction with Zn?*. Besides,
the preferential adsorption of EA on Zn anode induces Zn%*
aggregated, H,O and OTf repelled interface for enhanced EDL
capacitance and interfacial kinetics. Consequently, a clear Zn
anode surface with apparently no OTf reduction is achieved,
and side reactions are inhibited. Zn||Zn cells show a superior
lifespan of 1800 h at 2 mA cm2/2mAh cm2. Zn| | AC full batteries
deliver a capacity retention of 85% for 5000 cycles at 1 A g, and
enable steady operation at -20°C. This work provides insights
into modulating Zn?* coordination structure and interfacial
adsorption for promoted metal anode interface stability.
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