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ABSTRACT: Hydrogen evolution, corrosion, and dendrite for- (08 Brog, ZnSO,-H,0-DMF electrolyte v

mation in the Zn anodes limit their practical applications in LW ¢ mgv 74 K
A -

aqueous Zn metal batteries. Herein, we propose an interfacial wgﬁ‘ "}‘W

chemistry regulation strategy that uses hybrid electrolytes of water < & °§° T { > DMF-assisted solvation S"“C*”ml )
. 5 i K 2t M :"‘ Znz- | >Less active water i 5
and a polar aprotic N,N-dimethylformamide to modify the Zn**- N O ( * | Suppression of side reactions | §
. . . 2+ . S ’ < &> K o
solvation structure and in situ form a robust and Zn""-conducting 2 W :zﬂ ! KWendme_fme Zn deposition | &
Zny(CO,),(OH)4 solid electrolyte interphase (SEI) on the Zn =0 e . S
face to achieve stable and dendrite-free Zn plating/strippin, 2 £
surlace . p 67g ppIng Zn-ion transporting, in situ formed .8
over a wide temperature range. As confirmed by °Zn nuclear £
3 . i robust Zn;(OH)e(CO,), SEI =
magnetic resonance relaxometry, electrochemical characteriza- |
tions, and molecular dynamics simulation, the electrochemically 4 5Zn2+ + 60H- + 2C052- — Zns(OH)4(CO3)s
and thermally stable Zn (OH)s(CO;),-contained SEI achieved a | ¢ o o™ ¢/ ¢ o Zn anode 4%

high ionic conductivity of 0.04 to 1.27 mS cm ™' from —30 to 70 °C

and a thermally activated fast Zn>* migration through the [010]

plane. Consequently, extremely stable Zn-ion hybrid capacitors in hybrid electrolytes are demonstrated with high capacity
retentions and Coulombic efficiencies over 14,000, 10,000, and 600 cycles at 25, —20, and 70 °C, respectively.

echargeable aqueous zinc metal batteries (AZMBs) the reversible deposition/stripping of Zn is more sluggish even
Klave gained considerable attention as a replacement at lower temperatures (<0 °C) owing to freezing, increased

or conventional lithium-ion batteries (LIBs) because viscosity, and salt precipitation.'’ These dilemmas limit the
of the essential advantages of zinc (Zn) metal anodes, which high efficiency and long-term stability of AZMBs operating in a
includes high theoretical gravimetric and volumetric capacities wide temperature range of “both below 0 °C and above 60 °C.”
(820 mA h g‘l and 5855 mA h em™3, respectively), low cost, Herein, we report the Zn”*-ion conductive and robust solid
and natural abundance.'™* Given by the appropriate plating/ electrolyte interphase (SEI) in situ formed by the hybrid-
stripping potential of Zn metals, AZMBs further benefit from electrolyte-regulating solvation structure and interfacial chem-
the advantage of their high ionic conductivity and environ- istry for highly efficient and extremely stable AZMBs at low

(=30 °C) and high (70 °C) temperatures for the first time.
Hybrid electrolytes containing water and other soluble
substances (solid or organic liquid) have been recently

mental benignity when operated in aqueous electrolytes.
Although this enhances the electrochemistry between Zn
metal and aqueous electrolyte, the electrochemical perform-
ance and stability of AZMBs deteriorate owing to Zn dendrite

formation, corrosion, and hydrogen evolution reaction Received: January 19, 2023
(HER).>™® These unfavorable reactions are more critical at Accepted: February 21, 2023
higher temperatures (>60 °C), as they can be accelerated by Published: February 27, 2023

thermal activation, thereby seriously degrading the stability of
the batteries.'"® Furthermore, the volatilization of water can
reduce the ionic conductivity of the electrolyte. Conversely,

© 2023 American Chemical Society https://doi.org/10.1021/acsenergylett.3c00154
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Figure 1. Solvation structure analysis of hybrid electrolytes. Snapshots of (a) ZnSO,—H,O and (c) ZnSO,—H,0—DMF electrolytes during
MD simulations. Radial distribution functions (RDFs) and coordination number distribution functions obtained from MD simulations for
(b) ZnSO,—H,0 and (d) ZnSO,—H,0—DMF electrolytes. (e) Dissociation energy of different Zn>*[DMF], [HZO] [SO,*"], complexes. (f)
Relative binding energy for Zn>* with different species obtained from DFT calculations. (g) "H NMR spectra of ZnSO4 H,0 and ZnSO,—

H,0—DMF electrolytes. (h) Raman (left) and FTIR (right) spectra of H,0, DMF, and different electrolytes. (i) LSV response curves of

different electrolytes at 0.5 mV s~

developed to modify the local- and/or bulk-solvated environ-
ment of water to improve the thermodynamic stability.'*~'°
Examples of hybrid electrolytes include triethyl phosphate,'®
diethyl ether,' ethylene glycol,'® dimethyl sulfoxide,"” and
acetonitrile,”® which could enhance the reversibility of Zn
deposition for long-term cyclability up to 2000 h. However,
these hybrid electrolytes are limited by narrow operating
temperatures and/or rates (1 mA cm™ and 1 mA h cm™2). In
particular, a fundamental understanding about Zn>'-ion
transport mechanism of SEI layer, which is in situ formed by
hybrid electrolytes, at wide temperatures has yet to be
explored.

To overcome these impediments, the proposed chemical
strategy provides a simple and effective method for formulating
hybrid electrolytes with a polar aprotic solvent, including a
higher Gutmann donor number than that of water and in situ
SEI-forming capability (Figure S1). First, the polar aprotic
solvent was selected to disrupt the hydrogen bonding networks
coordinating with Zn*', partially substitute the coordinating
H,O, and subsequently modify the solvated structure. This
modified solvated structure is assumed to increase the Zn**
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desolvation energy, thereby regulating the kinetics for
homogeneous Zn deposition while insignificantly slowing the
Zn** transport.lé_20 Moreover, for the low-temperature
operation of AZMBs, the Zn*' transport of the solvated
structure was constant even at —30 °C which the freezing of
H,O is inhibited. Notably, this solvent can be decomposed at
the interface to in situ fabricate a rapid Zn>* transporting and
robust SEI on Zn anodes. This newly in situ formed
Zng(CO,),(OH)¢ SEI achieves high Zn**-ion conductivity
over a wide temperature range, even and is so electrochemi-
cally, mechanically, and thermally stable that the dendrite
formation can be suppressed at extreme conditions at 70 °C.
To prove our hypothesis, we selected polar aprotic N,N-
dimethylformamide (DMF), donor number of 26.6 larger than
18 of H,O*" and freezing and boiling points of —61 and 153
°C,* that can satisfy all the above requirements. Therefore, as
schematically illustrated in Figure S1, the ZnSO,—H,0—DMF
hybrid electrolyte allows uniform and dense Zn deposition on
the Zn anode for significantly enhanced performance, while
preventing the HER, corrosion, and dendrite formation, which

https://doi.org/10.1021/acsenergylett.3c00154
ACS Energy Lett. 2023, 8, 1613—-1625
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Figure 2. Electrochemical performances of Zn anodes in various electrolytes. Cycling performance of ZnllZn symmetric cells in different
electrolytes at (a) 1 mA cm™2 and (b) 4 mA cm™ for 1 mA h cm™2 The voltage increase in (a) at around 700 h is caused by the temperature
drop due to power failure of the temperature-controlled equipment. (c) Comparison of the cumulative capacity with recently reported Zn
anodes using optimization strategies. (d) Rate performance of ZnllZn symmetric cell in ZnSO,—H,0—DMEF at various current densities. (e)
CE of Zn plating/stripping on Cu foil in different electrolytes and (f) the corresponding charge—discharge profiles in the ZnSO,—H,0—
DMF electrolyte at 1 mA cm™ for 1 mA h cm™. Nyquist plots of ZnllZn symmetric cells in (g) ZnSO,—H,0 and (h) ZnSO,—H,0—DMF
before cycle, rest 30 min, and after cycling (insertion are the contact angles before and after 20 cycles).

is attributed to the synergistic effect of modified solvation
structure and fast Zn** conducting Zng(OH)(CO;),.

Solvation Structure Analysis of Hybrid Electrolyte. It
has been known that the free water molecules can combine
with Zn** jons and solvate to form a hydrated Zn ion of
[Zn(H,0)¢]** in the most common ZnSO, electrolytes.'>** In
this study, a series of 2 M ZnSO,—H,0O—DMF hybrid
electrolytes with various H,O to DMF volume ratios (6:0,
S:1, 4:2, 3:3, 2:4, 1:5, and 0:6) were prepared (Figure S2).
Homogenous solutions were formed when the H,0O/DMF
ratios were 5:1 and 4:2. However, apparent recrystallization of
ZnSO, occurred when the H,O to DMF ratio increased up to
3:3, indicating that the involvement of DMF in modifying the
solvation structure of Zn**, which could be damaged by excess
DMF (Figures S1 and $2).* Although DMF is dissolved in
H,O in any proportions to construct a hydrogen bonding
(HB), its solubility to ZnSO, is not sufficiently high due to the
antisolvent effect against an aqueous ZnSO, electrolyte.”>°
Accordingly, the H,O to DMF ratio was controlled in the
range from 6:0 to 2:4.

The solvation structure of the hybrid electrolytes was
investigated via molecular dynamics (MD) simulations and
density functional theory (DFT) calculations to confirm our
hypothesis. The particular numbers of ions and molecules in
the MD simulations box are summarized in Table S2. The
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snapshots of the simulated electrolyte structure (Figure la,c
and Figure S3) along with the radial distribution functions
(RDFs) and coordination number (CN) analyses (Figure 1b,d
and Figure S4) revealed a pronounced ionic solvation cluster
for Zn** coordinated with SO,*~, H,0, and DMF. The RDFs
of the ZnSO,—H,0O electrolyte presented that the primary
solvation shell of Zn** (central ion) was at a distance of ~2.50
A (Figure 1b). A distinct Zn—O (DMF) pair was observed at
~1.88 A after introducing DMF, implying that DMF could be
incorporated into the Zn*" solvation structure (Figure 1d and
Figure S4). At an increased ratio of DMF and H,0, the CN of
H,O0 in the solvation layer decreased from 3.82 to 3.48,
whereas the CN of DMF increased from 0 to 0.44, indicating
that DMF molecules are participating in the Zn>" solvation
structure (Figure S5 and Table S3). Additionally, new
complexes of Zn?>*[DMF],[H,0],[SO,>"], and
Zn**[DMF],[H,0]5[SO,2"], were found in the hybrid
electrolytes (Figure S6), which exhibited larger dissociation
energies than the Zn**[H,0]5[SO,*"], complex (Figure le).
These results elucidate that the DMF molecules have a much
stronger affinity to the Zn®>" and may significantly change the
Zn** solvation structure. Meanwhile, the content of
Zn**[H,0]5[SO,*"]; complex also decreased from 65.4% in
ZnSO,—H,0 to 51.4% in ZnSO,—H,0-DMF (5:1) and
39.6% in ZnSO,—H,0—DMF (4:2), respectively (Figure S6).

https://doi.org/10.1021/acsenergylett.3c00154
ACS Energy Lett. 2023, 8, 1613—-1625
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Furthermore, the relative binding energies of Zn** to other
species could be ranked in the following sequence: Zn**—
SO,>” > Zn**-DMF > Zn**—H,0, suggesting that Zn>"
preferentially coordinates with DMF rather than H,O (Figure
1f). Hence, the decreased number of coordinating H,0 and
free H,O (Figure S7) implies a lower possibility for the
occurrence of side reactions (eg, HER) during the Zn
deposition process.

Various spectroscopic analyses, including nuclear magnetic
resonance (NMR), Raman spectroscopy, and Fourier trans-
form infrared (FTIR) spectroscopy, were conducted to
investigate the solvation structure of the hybrid electrolytes
and the interaction between ZnSO, and the solvents. As shown
in Figure 1g, the "H peak of pure H,O centered at 4.70 ppm
and shifted to 4.73 ppm after dissolving ZnSO, into an
aqueous solution. Notably, the 'H peak further moved to 4.89
ppm in ZnSO,—H,0—DMF when DMF was added. These
results indicate that the deshielding by DMF decreased the
electron cloud density around 'H from H,0O, confirming the
formation of HB between DMF and H,O that weakened the
solvation effect between Zn>* and H,0."® Moreover, the 170
chemical shift in H,O exhibited an upfield shift from 4.56 ppm
in the ZnSO,—H,0 electrolyte to 4.26 ppm in the ZnSO,—
H,O—DMF electrolyte, supporting the possible incorporation
of DMF into the modified solvation structure of Zn>* with
H,O (Figure S8). The Raman spectra of H,O were resolved
into three bands centered at 3229, 3409, and 3554 cm™, which
were attributed to be symmetric and asymmetric OH
stretching and the free OH of water, respectively (Figure
1h).”> Accordingly, the addition of DMF significantly broke
the strong HB networks containing H,O, which was confirmed
by the weakened OH stretching. Consequently, the blue shift
of C—H stretching of DMF was attributed to the reformation
of the HB between the C=O group of DMF and H,O
molecules. The FTIR spectrum also demonstrated a
discernible blueshift in the OH bending vibration at 1600—
1700 cm™" and a redshift in the OH stretching vibration at
3000—3500 cm™' of H,0 as the DMF content increased,
verifying the construction of modified HB networks between
DMEF and H,0.” In addition, a blueshift in the C=0 bending
vibration of DMF (~1661 cm™) was observed in the hybrid
electrolytes because of the HB between C=0 and H,O.

The above MD and DFT calculations and experimental
results obtained through NMR, FTIR, and Raman spectros-
copy demonstrate strong implications for the change in the
Zn*" solvation structure when incorporating DMF into the
electrolyte. Additionally, the electrochemical stability windows
of various electrolytes were investigated on nonactive stain-
steel electrodes by linear sweep voltammetry (LSV), as shown
in Figures 1i and S9. The ZnSO,—H,0 electrolyte
demonstrated a larger current response than the hybrid
electrolytes, indicating the significant suppression of the
HER and the OER (oxygen evolution reaction) by DMF
addition owing to the reformation of the HB derived from the
strong interaction between DMF and H,O. In addition, the
hybrid electrolyte also exhibits a nonflammable nature, further
proving its practicability (Figure S10). Therefore, the DMF is
expected to positively influence the electrodeposition behavior
of Zn metal, which further enables new interface chemistry
induced by DMF, as discussed below.

High Reversibility of Zn/Zn?* and Uniform Zn
Deposition. The stability and reversibility of the Zn anode
in ZnSO,—H,0 and ZnSO,—H,0—DMF electrolytes were
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evaluated at 1 mA cm™* and 1 mA h cm™? using symmetric Znll
Zn cells (Figure 2a and Figure S11). After the initial activation,
the symmetric ZnllZn cells in ZnSO,—H,O0—-DMF
(H,O:DMF = S:1 and 4:2) electrolytes exhibited steady
charge/discharge process over 1780 and 2500 h, respectively.
By contrast, the ZnllZn cell using ZnSO,—H,O electrolyte
failed in doing after 92 h of cycling process because of an
internal short circuit resulting from the Zn dendrites. Notably,
the ZnllZn symmetric cells in ZnSO,—H,O—DMF produced a
higher voltage gap than those in ZnSO,—H,0, which was
attributed to the stronger solvation effect and lower ion
conductivity of hybrid electrolyte (Figure le and Figure S12).
The ZnSO,—H,0—DMF (4:2) electrolyte was selected for
evaluating the electrochemical performance at higher current
densities due to the longer cycle life of the ZnllZn cell than that
in the ZnSO,—H,0—DMF (5:1) electrolyte. As shown in
Figure S13 and Figure 2b, the ZnllZn cell in the ZnSO,—
H,0—DMF (4:2) electrolyte achieved stable operation for
over 1400 h at 2 mA cm™ and 1000 h at 4 mA cm™,
respectively, with a specific capacity of 1 mA h cm™.
Compared to the cycling performances of symmetric cells
plotting the cumulative capacities of ZnllZn cells as shown in
Figure 2c (based on the data in Table S4), the cell with the
ZnSO,—H,0—DMF electrolyte surpasses the values reported
in previous studies at different current densities based on the
electrolyte optimization strategies.'”'>'*7*%*"~*! Figure 2d
and Figure S14 illustrate the rate capability of the symmetric
cells in hybrid and aqueous electrolytes at 1 mA h cm™ and
varying current rates from 0.5 to 10 mA cm™% Although the
overpotential of the cells using the ZnSO,—H,0—DMF
electrolyte was slightly larger than that obtained with the
ZnSO,—H,0 electrolyte, the former showed very stable
voltage profiles up to 10 mA cm™ and improved cycle life
of over 1000 h than that of the latter. By contrast, short circuits
at 4 mA cm™* were observed for the cell in ZnSO,—H,0
electrolyte after cycling at 1 and 2 mA cm™ Even at a more
practical condiction (4 mA cm™* and 4 mAh cm™2), the hybrid
electrolyte still promotes desirable Zn plating/stripping with
high cycling stability and reversibility (Figure S15).

The performances of ZnllZn symmetric cells in dilute
aqueous and hybrid electrolytes at the fixed concentration of
0.3 M ZnSO, were compared to clarify the role of DME.** A
short circuit occurs in the symmetric cells after 54 h in the
dilute ZnSO,—H,0O electrolyte, while the cycle life was
improved up to 400 h in the dilute ZnSO,—H,0—DMF
electrolyte (Figure S16a). Bulky dendrites were formed in the
dilute ZnSO,—H,O after 20 cycles, whereas a relatively
smooth surface was observed in dilute ZnSO,—H,0O—DMF
(Figure S16b,c). These results indicate that the presence of
DMF in hybrid electrolytes allows more reversible and
dendrite-free Zn plating/stripping. Moreover, ZnllCu asym-
metric cells were employed to evaluate the Coulombic
efficiency (CE) of Zn plating/stripping (Figure 2e). The Znll
Cu cells in hybrid electrolytes exhibit an enhanced average CE
of 99.0% within initial cycles to 99.6%, owing to the formation
of robust SEL Stable voltage curves for Zn plating/stripping,
wherein the separation of charge and discharge potentials
initially decreased and stabilized at ~40 mV after 50 cycles,
were observed in the ZnSO,—H,0—DMF electrolyte (Figure
2f). Conversely, the fluctuated CE values and unstable
stripping profiles after 80 cycles were found in the ZnSO,—
H,O electrolyte owing to dendrite formation, H, generation,
and Zn corrosion (Figure S17).
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Figure 3. Comparison of Zn deposits in aqueous and hybrid electrolytes. SEM images of Zn anodes after 20 cycles in (a, b) ZnSO,—H,0 and
(d, e) ZnSO,—H,0—DMF. AFM images of Zn anodes after 20 cycles in (c) ZnSO,—H,0 and (f) ZnSO,—H,0—DMF. Operando optical
images of Zn anodes in (g) ZnSO,—H,0 and (h) ZnSO,—H,0—DMF observed in symmetric transparent cells cycled at 10 mA cm ™ (the

scale bar is 200 gm in each image). .

The suppression of the corrosion reaction of Zn in the
hybrid electrolyte strongly influenced the significantly
improved performance of Zn anodes. The Zn metal in
ZnSO,—H,0—DMEF electrolytes exhibited a more positive
corrosion potential and lower corrosion current than those
obtained using ZnSO,—H,0 electrolyte, indicating a less
tendency of corrosion reactions and a lower corrosion rate of
the Zn electrode in the hybrid electrolyte (Figure S18). When
the Zn foil was immersed in different electrolytes for S days, no
apparent change was observed in the ZnSO,—H,0—DMF
electrolyte, whereas numerous scattered flakes were observed
in the ZnSO,—H,0 electrolyte (Figures S19 and S$20). As
shown in the X-ray diffraction (XRD) patterns of the
immersed Zn foils in different electrolytes (Figure S21), the
corrosion byproduct (Zn,SO,(OH)43H,0) is detected in the
ZnSO,—H,0 electrolyte. The pure Zn phase was only
captured in hybrid electrolytes, confirming their anticorrosion
effect. The ZnllZn symmetric cell cycled in the hybrid
electrolyte exhibited a more stable interface, which was
supported by the facilitated interfacial charge-transfer kinetics
indicated by the Nyquist plots during cycles (Figures 2gh).
Accordingly, the charge-transfer resistance (R,) of the ZnllZn
cells, derived from the semicircles in the high-frequency region,
was lower in the ZnSO,—H,0—DMF electrolyte than that in
the ZnSO,—H,O electrolyte (Table S5). Moreover, the initial
R values of the symmetric cells after 30 min were gradually
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reduced after 10 and 20 cycles at I mA cm™ and 1 mA h cm™
in both electrolytes owing to the better contact between Zn
anodes and electrolyte during cycling (Figures 2gh). The high
Zn**-ion conductivity of in situ formed SEI and the enhanced
wettability of Zn foil in the hybrid electrolyte are beneficial for
reducing the R ; and Gibbs free energy of the nucleation during
the repeat Zn stripping/plating processes (insets of Figure
2g,h).”

Zn deposition morphologies and cross-sectional views in
different electrolytes were analyzed using scanning electron
microscopy (SEM) and atomic force microscopy (AFM) to
confirm the inhibition effect of the hybrid electrolyte on Zn
dendrite growth. The Zn surface in the ZnSO,—H,0O
electrolyte became rough with numerous protrusions (den-
drites) and scattered flakes (corrosion products) along with a
contact angle of 48.4° after 20 cycles at 1 mA cm™*and 1 mA h
cm™* (Figures 3a and 3b and inset of Figure 2g). A smooth
dendrite-free morphology and contact angle of ~0° were
obtained for Zn cycled in the ZnSO,—H,O—DMF electrolyte
(Figures 3d and 3e and inset of Figure 2h). In particular, the
AFM altitude intercept of the Zn foil cycled in the ZnSO,—
H,0—DMF electrolyte (621.4 nm) was lower than that cycled
in the ZnSO,—H,0 electrolyte (3164.4 nm), which was
consistent with the SEM results (Figure 3c,f). Direct evidence
for the regulation of Zn plating through DMF addition was
obtained from in situ optical visualizations (Movies S1 and
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Figure 4. Structure and formation mechanism of the in situ formed SEIL (a) HAADF cross-sectional STEM image of the Zn anode surface
after 20 cycles in ZnSO,—H,0—DMF. (b, c) EDX elemental maps of Zn K (8.630 keV) and O K (0.525 keV) peaks for the heterostructure.
(d) EELS elemental profiles of Zn K and O K edges obtained across the interphase. (e, f) High-resolution ABF-STEM (left) and HAADF-
STEM images of the polycrystalline SEI layer and single crystalline Zn anode, respectively. (g) XRD patterns of Zn anodes after 20 cycles in
ZnS0,—H,0 and ZnSO,—H,0—DMF. (h) TOF-SIMS and (i) in-depth XPS analysis of Zn anode surface after 20 cycles in ZnSO,—H,0—
DMF. (j) Formation mechanism of proposed Zns(OH)¢(COj;),-contained SEL .

S2)., The relatively flat Zn surface in the ZnSO,—H,O bubble on the surface (Figure 3g and Movie S1). In contrast,

electrolyte in the initial state became uneven and odd after 10 uniform and compact Zn deposition without dendrite
min of deposition at 10 mA cm™?, along with a discernible gas formation was observed for the Zn foil in the ZnSO,—H,0—
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DME electrolyte under the same condition for over 60 min
(Figure 3h and Movie S2). To understand the Zn deposition
behaviors further in different electrolytes, cyclic voltammetry
(CV) and chronoamperometry (CA) characterizations were
conducted in ZnllTi and ZnllZn symmetric cells, respectively.
The nucleation overpotential in the ZnSO,—H,O0—DMF
electrolyte was ~120 mV, which is higher than that in the
ZnSO,—H,0 electrolyte (Figure S$S22). The increased
nucleation overpotential was attributed to the strong solvation
of Zn** in the hybrid electrolyte, as revealed by the DFT
calculation (Figure le). The activation energy in ZnSO,—
H,0—DMF was 66.0 k] mol™, which was derived from the
Arrhenius equation. The obtained value is higher than that in
ZnSO,—H,0 (58.0 kJ mol™'), indicating a higher energy
barrier of Zn®>* deposition in the hybrid electrolyte in
accordance with the theoretical calculations (Figure $23).*
Considering that the high nucleation overpotential is
associated with the fine-grained Zn deposits,”" a smaller
critical nucleus size for Zn deposition was predicted in the
hybrid electrolyte, which was confirmed experimentally and
theoretically. The CA test verified that the deposition model in
the ZnSO,—H,0O electrolyte corresponded to a long and
extensive 2D ion diffusion process and rough deposition
propagation, showing a continuous increase in the current
density for more than 800 s at a constant potential of —150
mV (Figure S24). In contrast, the CA profile in the ZnSO,—
H,O0—DMF electrolyte was fitted with a relatively stable 3D
diffusion process after 200 s of planar diffusion and nucleation,
indicating short and placid diffusion and smooth Zn
deposition.™*

Structure and Formation Mechanism of the In Situ
Formed SEIl. The SEI in situ formed by the addition of DMF
was investigated using transmission electron microscopy
(TEM), XRD, and FTIR spectroscopy. All Zn samples were
obtained after 20 cycles at 1 mA cm™ and 1 mA h cm™2 The
high-angle annular dark field (HAADF) cross-sectional
scanning TEM (STEM) image in Figure 4a shows an obvious
SEI layer with a thickness of 60—70 nm on the Zn surface
cycled in the ZnSO,—H,O—DMEF electrolyte, which serves as
an electronically insulating barrier that restricted water
decomposition and an ionically conducting layer for the
uniform Zn** flux. Additionally, the combined element profiles
obtained from electron energy loss spectroscopy (EELS) and
elementary maps of energy dispersive X-ray spectroscopy
(EDX) revealed that the Zn signal of the SEI was weaker than
that from the bulk region of Zn, whereas the O signal was
much stronger in the SEI region (Figure 4b—d), indicating the
different chemical identities of the less dense SEI and metallic
Zn anode. Based on the EELS plasmon-loss mapping of the
SEI (EP,SEI = 19.2 eV)/Zn (EP,Zn = 13.5 eV) heterostructure
(Figure S2Sa—c), the two regions are distinctively resolved,
implying that the SEI and Zn are electronically different
phases. Furthermore, high-resolution annular bright field
(ABF) and HAADF STEM images demonstrate that the
composition of the Zng(OH)(CO;), SEI layer, which
consisted of polycrystalline structures aggregated by nano-
crystals with a d spacing of 0.338 nm corresponding to the
(400) plane of the Zny(OH)4(CO;), phase (Figure 4e). In
contrast, as shown in Figure 4f, the Zn anode exhibited a
typical lattice fringe of Zn (002). This SEI was absent from the
ZnSO,—H,0 electrolyte (Figure S26), and a Zn,SO,(OH)4
4H,0 byproduct was formed instead on the Zn surface in the
ZnSO,—H,0 electrolyte, as shown in the XRD analysis of the
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cycled Zn foil (Figure 4g and Figure S27). Despite the
negligible presence of the byproduct (Zn,SO,(OH)44H,0),
the characteristic peaks of Zn;(OH)4(CO;), were dominant
on the Zn foil in the ZnSO,—H,0—DMF electrolyte (Figure
4g). Consequently, a chemically, electronically, and crystallo-
graphically independent Zni(OH)¢(CO;), SEI, which was
different from metallic Zn phase, was in situ formed in hybrid
electrolytes.

The chemical structure of SEI formed in the ZnSO,—H,0—
DMEF electrolyte was further characterized using the time-of-
fight secondary ion mass spectrometry (TOF-SIMS) and in-
depth X-ray photoelectron spectroscopy (XPS). As shown in
Figure 4h, OH™ (m/e = 17), CO4*™ (m/e = 60), and C~ (m/e
= 12, originating from the decomposition of CO;*”) signals
were found at various sputtering depths in the negative mode,
implying the existence of Zn;(OH)4(COs5), in the SEIL This
result was also supported by the FTIR spectra in Figure S28,
indicating a large amount of CO;* (~1500 cm™') and OH™
(~3800 cm™) in the SEI region for the Zn foil cycled in the
ZnSO,~H,0—-DMF electrolyte.”” An in-depth XPS with
argon sputtering was also conducted to analyze the chemical
composition and element depth distribution in SEI. The C
atom signal, as an indicator of CO;5>", was stronger than that of
S atom (an indicator of SO,*”) at various etching times
(Figure S29). A minor CO5>~ species (12.3%) was detected on
the SEI surface (before etching) in the ZnSO,—H,0—DMF
electrolyte, as verified by the C 1s spectra in Figure 4i. After
etching the surface with Ar* bombardment, the ratio of CO;*~
increased to 17.2% after 10 min and remained saturated up to
15 min, implying the formation of a CO,’ -containing
interphase. This resistance to etching may be attributed to
the very dense SEI layer. Furthermore, the formation of CO;*~
was confirmed using the O—C/O—S signal in the O 1s spectra
at different etching stages (O 1s spectrum in Figure 4i). In
addition, the SEI contains a large amount of Zn—OH and a
small amount of Zn—0, as observed in the Zn 2p;/, spectrum,
which is consistent with the distribution of OH and O* ..
signals in the O 1s spectrum.

The formation process of Zny(OH)4(COs;), is proposed in
Figure 4j. Because CO,*~ was absent in the electrolyte salt of
ZnS0O,, CO;*™ species were formed from the dissolved CO, in
electrolytes, contributing to the formation of
Zny(OH)4(CO;),. Initially, the dissolved CO, and H,O in
the ZnSO,—H,0—DMEF electrolyte attain equilibrium in stage
i.*® Subsequently, the hydrolysis of DMF in stage ii easily
occurs due to the acidic nature of the electrolyte, producing
formic acid (HCOOH) and dimethylamine ((CH,),NH)
while increasing pH value (Figures $30—533)."* In stage iii,
the dimethylamine spontaneously reacts with HCO;™ in an
aqueous environment, leading to the production of CO,*~
species through the deprotonation of bicarbonate as previously
demonstrated.*” Finally, CO,>~ species react with Zn>* and
OH™ to form Zng(OH)4(COs),, which is solidified due to its
low solubility in electrolyte solutions and aggregated into
polycrystalline structures. Therefore, the three-stage reactions
can be combined into the overall reaction: 2HCON(CH,), +
2CO, + 2H,0 + ZnSO, + 4Zn(OH), — Zn,(OH)¢(CO,),| +
[H,N(CH;),],8S0, + 2HCOOH. The total energies of
reactants and products in the reaction were estimated through
DFT theoretical calculation (Figure S34). Consequently, the
calculated reaction energy was —7.78 €V/Zns(OH)4(COs5),,
indicating a thermodynamically spontaneous reaction.
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Figure 5. Zn>' ion transport of the in situ formed SEI over a wide temperature range. (a) Nyquist plots of Zng(OH)4(CO;), coated Ti
symmetric cell with glass fiber as separator tested at open circuit voltage (OCV) over the frequency range of 100 kHz to 1 Hz. (b) Arrhenius
behavior of the reciprocal resistances corresponding to interfacial components and the activation energy derived for the Zny(OH)4(CO;),
film. (c) Stack plot of “’Zn NMR spectra at various temperature of Zns(OH)4(CO;), collected at 11.7 T corresponding to Larmor
frequencies of 31.290 MHz. (d) Temperature dependence of the T,* extracted from the NMR relaxometry study. (e) Arrhenius plot based
on predicted Dy, values in Zn;(OH)4(CO;), from AIMD simulations. (f) Crystal structure of Zny(OH)4s(COj;), along with [001] lattice
plane. Zn, C, O, and H are colored purple, gray, red, and cyan, respectively. (g—i) Zn** probability density from AIMD at 1200 K, and the
isosurfaces are plotted at 0.001, 0.002, and 0.005 Bohr™3, respectively. .

Zn** lon Transport of the In Situ Formed SEI over a (FWHM) of the NMR peaks, is closely correlated with the
Wide Temperature Range. To understand the Zn>'-ion Zn**-ion mobility of the solid-state Zng(OH)4(CO;),; this is
conduction behavior in SEI, we synthesized the sheet-like because high ionic mobility can average the anisotropic dipolar
Zny(OH)4(CO,), compounds via a facile precipitation and quadrupolar interactions.”> The calculation of T,* from
method® and characterized them using SEM and XRD the broad peak of “Zn NMR at various temperatures (Figure
(Figure S3S). The Zng(OH)¢(COs;), film demonstrated an Sd) suggested that an increase in temperature improves Zn-ion
increase in the ionic conductivity from 0.04 to 1.27 mS cm™" in mobility. This provides direct evidence for the motion of Zn**
a temperature range from —30 to 70 °C (Figures S36 and S37 ions in the Zny(OH)4(COs;), structure, which can function as
and Figure 5a). The effective Zn®* diffusion through the a Zn**-ion conducting, in situ formed SEI in AZMBs.
Zns(OH)4(CO;), phase was confirmed estimating the low DFT-based ab initio MD (AIMD) simulations were
activation energy of 21.3 kJ mol™' obtained from Arrhenius performed to predict the diffusivity of Zn (D) in
plot (Figure Sb), which is lower than that of an inorganic solid Zny(OH)4(CO;), at 300 K> As shown in Figure S38a,b,
Zn-ion conductor (eg, 57.9 k] mol™" for a TiO,-based solid- the mean-square displacements of Zn atoms were calculated at
state electrolyte).”’ Notably, we first applied solid-state “’Zn a given temperature (1000 and 1200 K). After disregarding the
NMR relaxometry to reveal the local environment and first 2 ps, we estimated the D, values from the linear fits and
dynamics of Zn?* ions and their mobility within the constructed an Arrhenius plot of In(Dy,) versus 1000/ T based
Zns(OH)4(CO;), phase at 298, 318, and 333 K (Figure Sc). on Dy, at different temperatures (Figure Se). The activation
The transverse (or spin—spin) relaxation time (T,*), which is barrier was predicted to be 945 meV, which is lower than the
inversely proportional to the full width at half-maximum reported value for the Zn** conductor (ZnZr,(PO,)s 1300
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Figure 6. Electrochemical performances of HZICs in hybrid electrolytes over a wide temperature range. (a) CV curves of HZICs in ZnSO,—
H,0—DMF at different scan rates. (b) Galvanostatic charge—discharge profiles of HZICs in ZnSO,—H,O—DMF at various current densities.
(c) Galvanostatic charge—discharge profiles of HZICs in different electrolytes at 0.2 A g™". (d) Cycling performance of HZICs with different
electrolytes at 2 A g™'. (&) The physical state of ZnSO,—H,0 and ZnSO,—H,0—DMF electrolytes at —20 °C. cycling performance of (f) Znll
Zn symmetric cell at 0.5 mA cm™ and 0.5 mA h cm™? and (g) HZICs at 0.5 A g™ in ZnSO,—H,0—DMF. (h) Galvanostatic charge—
discharge profiles in ZnSO,—H,0—DMF tested at 0.5 A g”' and various temperatures. (i) The temperature fluctuation test for HZICs at 0.5

Agl

meV)>* and comparable to various Zn conductors proposed
theoretically.”® In addition, the crystal structure of
Zng(OH)4(CO;), along the [001] lattice plane and the Zn**
probability density isosurfaces from the AIMD simulation at
1200K are shown in Figure 5f—i. When the isosurface was
increased to 0.005 Bohr ™, the Zn>" probability density was still
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continuous along the [010] lattice plane, as indicated by the
green arrow in Figure 5i. This suggests that most of the Zn**
migration in the Zng(OH)4(CO;), phase occurs along the
[010] lattice plane. The Zn-ion conductivity of
Zng(OH)4(CO;), at 300 K (6340 k) could be extrapolated as
7.66 X 107 mS cm™L. Although the value is lower than that of
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single-ion conductor ZnPS; (6 = 107 to 107> mS cm ™" at 60
°C),*° it is still higher than that of Li,CO; (3.58 X 107" mS
em™!)*” and LiF (%1072 mS cm™),>® which were identified as
the major components of SEI in LIBs. Even though LiF
exhibits ionic insulation property, Li-ions can still diffuse
through the grain boundary (GB) formed between LiF and
other inorganic compounds (Li,CO; and Li,O) in the SEL.>**
In our study, considering that Zn;(OH)¢(COj;), was generated
in the form of polycrystalline as shown in Figure 4e, the GB
was formed between polycrystalline grains. Given by the ionic
conductivity difference between polycrystalline
Zns(OH)4(COs;), film and single crystalline Zns(OH)4(CO;),
phase determined experimentally and theoretically, respec-
tively, Zn-ions could travel through the Zns(OH)4(COs;),-
contained interphases. Hence, the Zng(OH)¢(COj;),-con-
tained interphase rather than the Zng(OH)4(COs,), itself is
suggested that the main beneficiary of Zn>*-ion transport. The
fast transport of Zn>* was guided by the interfacial layer, which
was confirmed by the decreased R in the hybrid electrolyte
(Table SS).

Extremely Stable and Highly Efficient Hybrid Zn-lon
Capacitors over a Wide Temperature Range. Hybrid Zn-
ion capacitors (HZICs) were fabricated by coupling Zn
negative electrodes with commercial active carbon (AC)
positive electrodes to clarify the superiority of our hybrid
electrolyte for practical application (Figure 6). For comparison,
the electrochemical performance of HZICs with ZnSO,—H,0
electrolyte was evaluated under the same condition. The CV
curves and galvanostatic charge—discharge (GCD) profiles
show that both HZICs in the two electrolytes exhibit typical
Faradaic features originating from the stripping/plating process
of Zn/Zn** (Figure 6a,b and Figure S39). The specific capacity
and IR drop of HZICs in ZnSO,—H,0O—DMF were nearly
comparable to those of ZnSO,—H,0 at 0.2 A g~' despite the
lower ion conductivity (Figure 6¢ and Figure S12). However,
the cycling performance significantly improved in hybrid
electrolytes. As shown in Figure 6d, the HZICs in ZnSO,—
H,0-DMF demonstrated long-term stability over 14,000
cycles (over 1 month) with a CE of approximately 100% at a
high current density of 2 A g”'. Conversely, the capacity decay
was severe in ZnSO,—H,0, and the CEs rapidly reduced after
3000 cycles, indicating the formation of dead Zn. As
demonstrated by the morphology of the Zn anodes after 500
cycles in SEM analysis (Figure S40), massive protrusions were
observed on the Zn anode cycled in ZnSO,—H,0, while a
smooth dendrite- or void-free surface was obtained in ZnSO,—
H,0—DMF. Moreover, a thin Zn anode (~20 um, ~#11.7 mA
h cm™2) and high mass loading AC electrode (~42 mg cm™2)
were used in the HZICs to realistically evaluate the
performance of the Zn anode under high depth of discharge
(DOD) values. As shown in Figure S41, the HZICs exhibited a
high capacity of 42 mA h ¢! at 0.5 A g™', corresponding to an
areal capacity of 1.76 mA h cm™. Thus, the DOD was
calculated to be ~15%. As expected, the HZICs also showed
stable cycle performance of over 5000 cycles in ZnSO,—H,0—
DMF, which was better than that in ZnSO,—H,O0.

Compared to other solvent additives, such as dimethyl
sulfoxide and acetonitrile, DMF shows a relatively lower
freezing point of —61 °C.** Considering that DMF destroyed
the HBs in ZnSO,—H,O—DMF, the hybrid electrolyte is
expected to é)rovide an antifreezing characteristics at low
temperatures.”’ ZnSO,~H,O froze at —11 °C, whereas the
freezing points of the hybrid electrolytes decreased to —18 °C
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and —32 °C for ZnSO,—H,0—DMF with H,O/DMEF ratios of
S:1 and 4:2, respectively (Figure S42). The temperature-
dependent ionic conductivities confirmed that the conductivity
values of ZnSO,~H,0—-DMF (2.8 mS cm™) and ZnSO,—
H,0 (1.5 mS cm™) were reversed at —20 °C (Figure S43).
The digital photos in Figure 6e indicate that the abrupt
decrease in ionic conductivity is caused by the freezing of
ZnSO,—H,0 at —20 °C. In contrast, the liquid state was
preserved for ZnSO,—H,0—DMEF with high ionic conductiv-
ity. Accordingly, voltage profiles for ZnllZn symmetric cells in
ZnSO,—H,0—DMF were very stable over 2000 h at —20 °C
(Figure 6f). Even at —20 °C, the HZICs reached a high
capacity retention of 99% after 10,000 cycles (over 2 months),
along with high CEs of approximately 100% (Figure 6g).

In addition to low-temperature operation, the high-temper-
ature operation in ZnSO,—H,0—DMF should be considered
toward all-climate applications. The addition of DMEF
strengthened the thermal stability of ZnSO,—H,0O because of
the inhibited evaporation of H,0O owing to the strong
interaction between DMF and H,O, as confirmed by the
DSC test from 25 to 150 °C (Figure S44). At 60 °C, the
HZICs using a hybrid electrolyte exhibit a higher reversible
capacity of 38.4 mA h g after 1000 cycles at 2 A g, while
the cells cycled in ZnSO,—H,O failed after 570 cycles (Figure
S45). Even at a high temperature of 70 °C, the HZICs could
be operated satisfactorily in ZnSO,—H,0—DMF over 600
cycles; however, the capacity in ZnSO,—H,O abruptly reduced
to near zero after 20 cycles (Figure S46). When the water in
the ZnSO,—H,O electrolyte evaporates at high temperatures,
solubility in the electrolyte decreases for salt precipitation, and
chemical activity increases, causing undesirable reactions and
hence the degradation of the cyclic stability and capacity of
HZICs.'® Moreover, the HZICs with the ZnSO,—H,O—DMF
electrolyte were very tolerant of operating over a wide range of
temperatures from —30 to 70 °C (Figure 6h,i). During the
temperature fluctuation, the capacities of HZICs in ZnSO,—
H,O abruptly dropped from —20 to 70 °C, while those in
hybrid electrolytes became considerably higher. The CEs of
the HZICs in the hybrid electrolytes were 2100%, while cell
failure was observed in DMF-free electrolyte when cycled at
—30 and 70 °C (Figure 6i and Figure $47). To the best of our
knowledge, this is the first report of Zn metal anode in liquid
electrolytes achieving outstanding performances and stabilities
over a wide range of extreme temperatures.

Electrochemical impedance spectroscopy was conducted on
the ZnllZn symmetric cells after 20 cycles at —20 and 70 °C
with a current of 1 mA cm™ and a capacity of I mA h cm™ to
investigate the stability of the Zn anode-electrolyte interphase
at low and high temperatures (Figure S48 and Table S6).
Notably, the first semicircle (R,,) is associated with ion
adsorption and desorption on the SEI in the high-frequency
region, and the other is attributed to the R; in the medium-
frequency region.18 The R, can be fitted with 3077 (at —20
°C) and 89 Q (at 70 °C), corresponding to an ion
conductivity of 1.1-1.3 X 107° and 3.8—4.4 X 107* mS
cm™, respectively, resulting in uniform Zn flux and deposition
through SEI layers. Thermogravimetry analysis (TGA) was
performed to evaluate the thermal stability of SEI (Figure
S49). The weight loss below 200 °C occurred owing to the
evaporation of adsorbed water, and one endothermic peak was
observed at approximately 250 °C, indicating the thermal
decomposition of Zns(OH)s(COs), (Zns(OH)4(CO;), —
5Zn0 + 2CO, + 3H,0°°). This decomposition temperature is
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far beyond the operating temperature of the HZIC at 70 °C,
confirming an outstanding interfacial thermal stability. There-
fore, the wide-range temperature-tolerant electrochemical
performances of HZIC cells in hybrid electrolytes can be
attributed to the modified solvated structure and the newly
formed Zny(OH)4(COs;), SEIs of the hybrid electrolyte, which
leads to thermal stability at high temperatures and high ion
conductivity at low temperatures.

In summary, we developed new electrolyte chemistry for Zn
metal batteries by adding DMF as a cosolvent in the
electrolyte, thus manipulating the solvation structure of Zn**
and SEI formation. The experimental and simulation analysis
results suggested that the intensified HB of DMF-H,0 and
weakened solvation interaction of Zn>* with H,O were realized
by the strong solvation effect between DMF and Zn*'. This
hybrid electrolyte featured a unique Zn>* solvation structure
and the in situ formation of a Zn**-conducting and robust
Zns(CO;),(OH)4 SEI through three-stage reactions. More-
over, the formation and Zn* transport mechanisms of a Zn*t-
conducting and robust Zns(CO;),(OH)4 were also compre-
hensively analyzed using spectroscopic and electrochemical
characterizations and computational calculations. As a result,
this hybrid electrolyte could effectively suppress the parasitic
reactions and facilitate interfacial charge transfer through
Zns(CO;),(OH)4 SEL This enables highly reversible and
dendrite-free Zn plating/stripping performance of over 2500 h
operated at 25 °C (1 mA cm™ and 1 mA h cm™2) and 2000 h
operated at —20 °C (0.5 mA cm™ and 0.5 mA h cm™) in the
ZnllZn symmetric cells. In addition, the superiority of this
hybrid electrolyte was confirmed demonstrating a high capacity
of 2 mAh g at 0.5 A ¢! and long-term cyclic stabilities and
high CEs in the range of —20 to 70 °C for HZIC full cells
employing thin Zn (~20 pm) and high mass loading AC
electrodes (~42 mg cm™?). Therefore, this study not only
proposes a simple but effective electrolyte modification
approach to achieve dendrite-free Zn anodes for high-
performance Zn-based energy storage devices operated at
extreme temperatures, but also provides a fundamental
understanding of the unique Zn** ion transport in in situ
formed SEL In addition, employing other salts (such as
Zn(CF;S0;) and Zn(N(CF,;SO,),),) and ionic additives
(such as Mn**) would be an effective way to improve ionic
conductivity and lower nucleation overpotential of a newly

developed hybrid electrolyte.*>*
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