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Electrolyte Solvation Structure Design for High Voltage

Zinc-Based Hybrid Batteries

Pauline Jaumaux, Shijian Wang, Shuoqging Zhao, Bing Sun*

Zinc (Zn) metal anodes have enticed substantial curiosity for large-scale
energy storage owing to inherent safety, high specific and volumetric energy
capacities of Zn metal anodes. However, the aqueous electrolyte traditionally
employed in Zn batteries suffers severe decomposition due to the narrow
voltage stability window. Herein, we introduce N-methylformamide (NMF) as
an organic solvent and modulate the solvation structure to obtain a stable
organic/aqueous hybrid electrolyte for high-voltage Zn batteries. NMF is not
only extremely stable against Zn metal anodes but also reduces the free
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within the electrochemical stability window of
the electrolytes, one major challenge to achieve
high-voltage and high-energy-density Zn batter-
ies resides in enlarging the electrochemical sta-
bility window of the electrolytes.

For this purpose, various electrolytes have
been investigated via solvation structure design.
For instance, “water-in-salt” electrolytes had
spurred extensive research on high-voltage
aqueous systems.!®) Increasing the salt to water

water molecule availability by creating numerous hydrogen bonds, thereby
accommodating high-voltage Zn||LiMn,O, batteries. The introduction of NMF
prevented hydrogen evolution reaction and promoted the creation of an F-
rich solid electrolyte interphase, which in turn hampered dendrite growth on
Zn anodes. The Zn||LiMn,O, full cells delivered a high average Coulombic

efficiency of 99.7% over 400 cycles.

1. Introduction

Rechargeable Zn batteries are considered as a promising technology for
large-scale energy storage, owing to the inherent merits of Zn anodes,
such as high specific capacity (819 mAh g™"), high volumetric energy
capacity (5850 mAh cm™®), and low redox potential (—0.76 V vs
SHE). The development of Zn batteries normally focuses on the aqueous
electrolyte system. However, water-based electrolytes generally engen-
ders several shortcomings: 1) narrow electrochemical stability window
(ie., ~2.0 V),/'] which is dictated by hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER); 2) low operating voltage
(e.g., about 1.44 V with MnO, cathode);*! 3) corrosion reactions to Zn
anodes; and 4) dissolution of transition metal oxide in the aqueous elec-
trolyte (e.g., the dissolution of manganese species from the widely used
MnO, cathode material in Zn-ion batteries).[3_7] The aforementioned
drawbacks impede the development of high voltage zinc-based batteries
with long cycle life. Since the potential of the electrode couples must sit
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ratio modifies the metal cation solvation struc-
ture due to the scarce availability of free water
molecules. The specific cation solvation struc-
ture, along with the restriction in the mobility
of the water molecules, contributes to deferring
the reduction and oxidation potential of water,
thereby enlarging the electrochemical stability
window of the electrolyte. This electrolyte
design allowed the employment of high voltage
cathodes and prevented side reactions. Inspired by this strategy, novel
electrolyte formulations emerged simultaneously, including hybrid
aqueous electrolytes (e.g., “water-in-bisalt” electrolytes, 101«
solvent-in-salt” electrolytes,!' "] 0213 ete), “water-in-
ionomer” elecrrolytes,“ﬂ localized highly concentrated aqueous elec-
trolytes,[ls] (el

On the other hand, organic electrolytes could be considered as an
interesting alternative for high-voltage Zn batteries, owing to the wide
electrochemical stability windows and super compatibility toward
Zn metal without undesired corrosion reactions. However, organic
solvents are also facing several drawbacks: 1) Zn salts generally show low
solubility in most organic solvents; and 2) the majority of organic sol-
vents are highly flammable, which discount the safety of the correspond-
ing Zn battery. To date, only a few non-flammable organic systems have
been reported for Zn batteries, such as phosphate-based organic elec-
trolytes,l'”"'®] hybrid aqueous/organic electrolytes,!'***! and hydrous
organic electrolytes.*'! However, the energy density and cycling perfor-
mance of full cells still need further improvement. Therefore, further
exploring promising electrolytes with large electrochemical stability win-
dows for high-voltage Zn batteries, ensuring safety, high energy density
and good cycling performances, remains a formidable challenge.

We, herein, adopt a solvation structure engineered strategy to obtain
a super stable hybrid electrolyte with an electrochemical stability win-
dow of about 3.25 V for high-voltage Zn-based batteries. By introducing
N-methylformamide (NMF) as an organic agent with a small amount of
water, a hybrid electrolyte was prepared with the composition of 7.7 m
lithium wiflate (LiOTf) and 1 m zinc wiflate (Zn(OTf),) in NMF:H,0
(the concentration is expressed in molality “m”:mol kg_lsolvem)A The
solvation structure of the electrolyte was experimentally and theoretically
investigated to highlight the beneficial presence of NMF in the

co-
eutectic solvents,

and molecular crowding aqueous electrolytes.
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knowledge, it has not been directly applied as an
electrolyte solvent or additive in batteries.?*!
Amongst several organic solvents, NMF was selected
owing to its high stability toward Zn anode, good
miscibility with water, high polarity and high capa-
bility to form hydrogen bonds. Although NMF is
flammable, this hazard is suppressed in the hybrid
electrolytes (Figure 1b) owing to the low concentra-
don of free NMF molecules (as further explained in
Figure 3), which leads to reducing electrolyte evap-
oration (Figure S1, Supporting Information). As a
result, the solvent vapor concentration in air is too
lean to catch fire, thereby ensuring the safe opera-
tion of the zinc batteries. The electrolytes were pre-
pared by dissolving 1 m Zn(OTf), into a mixed
solvent of NMF/H,0. Then, a maximal amount of
Li salt was introduced into the solution. The solubil-

ity limits of LiOTf in several solvents containing
1 m Zn(OTf), are displayed in Figure lc. At room
temperature (25 °C), the solubility of LiOTf is about
23 m in a solution of 1 m Zn(OTf), in H,O. How-
ever, <2.5 m of LiOTf can be dissolved in the solu-
tion of 1 m Zn(OTf), in NMF. When introducing a
small amount of water in the mass ratio H,O:NMF
(1:9), the solubility of LiOTf increases to 7.7 m.
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Figure 1. a) Schematic of the Zn||[LMO battery system with the electrolyte of 7.7-H,O:NMF. b)
Flammability test of a glass fiber separator soaked with 7.7-H,O:NMF electrolyte. c) Solubility
limit of LIOTf in several solutions containing 1 m Zn(OTf),. Inset: Picture of 7.7 m
LiIOTf + 1 m Zn(OTf), in NMF (left) and 7.7-H,O:NMF (right). d) Price comparison between
the “water-in-salt” analogue electrolyte (i.e, 23 m LiOTf + 1 m Zn(OTf), in H,O) and the 7.7-
H,O:NMF electrolyte. Inset: Volumetric mass of the 23 m LiOTf + 1 m Zn(OTf), in H,O and

7.7-H,O:NMF.

electrolyte. NMF not only is extremely stable against Zn metal anode,
but also reduces the availability of free water molecules by creating
numerous hydrogen bonds and promotes the creation of a robust solid
electrolyte interphase (SEI) on the Zn anode, which in turn hampered
7Zn dendrite grow‘[h.[n] Meanwhile, the dissolution of transition metal
elements from the cathodes into the electrolytes has been effectively sup-
pressed. Moreover, the presence of a small amount of water is necessary
to increase the solubility of LiOTf and Zn(OTf), salts, and decrease the
desolvation energy barrier that benefits smooth Zn plating (Figure 1a).
Finally, the as-prepared electrolyte remains non-flammable owing to the
presence of small amount of water molecules and the dissolved Li and
Zn salts. As proof of concept, high-voltage lithium manganese oxide
(LMO) cathode was coupled with Zn metal anode in the hybrid elec-
trolyte for full cell testing. As a result, the Zn||LMO batteries were suc-
cessfully cycled for more than 400 cycles with a high average voltage of
1.85 V and an excellent average Coulombic efficiency of 99.7%.

2. Results and Discussion
2.1. Formulation of the Hybrid Electrolyte

N-methylformamide is an organic solvent, which has been employed
to synthesize solid-state electrolytes, but, to the best of our
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The as-prepared 7.7 m LiOTf + 1 m Zn(OTf), in
H,O:NMF electrolyte (denoted here after 7.7-H,O:
NMF) remained liquid at room temperature (inset
of Figure Ic). The presence of a small amount of
water not only contributes to increasing the solubil-
ity of LiOTf but also, decreases the desolvation
energy barrier that benefits smooth Zn plau‘ng.[“]
Furthermore, when compared with the highly con-
centrated electrolyte analogue (i.e., 23 m LiIOTf + 1
m Zn(OTf), in H,0), the hybrid organic/aqueous
electrolyte is also about 3-folds less expensive (Figure 1d). The 7.7-
H,O:NMF electrolyte is lighter than the analogue “water-in-salt” elec-
wrolyte (Figure 1d, inset). Therefore, for a similar battery assembly
(e.g., battery case, current collector, electrodes, separator and volume
of electrolyte), the batteries with the 7.7-H,O:NMF electrolyte will
present a higher energy density.

The evolution of the electrochemical stability window upon intro-
ducing the NMF solvent in the electrolyte (based on LiOTf only)
was investigated by linear sweep voltammetry (LSV) analysis (Figure
2a). In Zn-ion batteries, the Zn electroplating may partially conceal
the decomposition of water molecules since both reactions occur at
a similar potential. Therefore, to prevent Zn plating reaction during
the LSV measurement, the amount of Zn(OTf), in the electrolyte
was equally replaced by LiOTf. The inter-molecular interactions effec-
tively delay the onset potentials of HER and OER, as shown in Fig-
ure 2a. Besides, the introduction of NMF significantly reduces the
plateau current from —1.01 to —0.295 mA cm™” after introducing
NMF in the mass ratio H,O:NMF (1:9) (inset Figure 2a). When the
mass percentage of NMF solvent in the electrolyte reaches 90 wt%
(based on the total solvent mass), the HER is shifted to a lower
potential (i.e, &—1.7 V vs Ag/AgCl); meanwhile, the OFR occurs at
a higher potential (i.e., ®1.55 V vs Ag/AgCl) (Figure 2a). This phe-
nomenon has been observed in highly concentrated electrolytes,
where the concentration of free water molecules is dramatically
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Figure 2. a) Linear sweep voltammetry spectra of 9.7 m LiOTf in H,O:NMF with various H,O to
NMF mass ratio (H,O:NMF mass ratio from 10:0 to 1:9). To avoid Zn deposition, 1 m Zn(OTf), was
replaced by 2 m LiOTf. b) Raman spectra and c) FTIR spectra of the 7.7-H,O:NMF with various H,O

to NMF mass ratio (H,O:NMF mass ratio of 10:0 to 1:9).

reduced. The scarce availability of free water molecules forces the
creation of a unique cationic solvation shell, in which anions and/or
co-solvent molecules participate.**) The electrochemical stability
window of the electrolyte was widened to 3.25V (vs 2.35V in
absence of NMF), which is largely suitable for the application of
high voltage cathode IMO (as further investigated in Figure 6).
Besides, the molecular crowding effect decreases the Zn plating
potential to —1.35 vs Ag/AgCl (Figure S2, Supporting Information),
further contributing to achieving high operational voltage of the
Zn|[LMO batteries.”®) Raman spectroscopy and Fourier Transform
Infra-Red (FTIR) spectroscopy were employed to elucidate the
changes of the solvation structures with the increase of the NMF
concentration. As seen from the Raman spectra in Figure 2b, the
broad peak at 3000-3500 am™' is atributed to O-H stretching
vibration mode of water molecules. When the concentration of the
NMF solvent in the electrolyte increases, the intensity of the broad
peak reduces and shifts toward lower values. These peak displace-
ments indicate the formation of NMF-H,O complexes through
numerous hydrogen bonds between NMF and H,O molecules, 78]
Accordingly, the FTIR spectra of the electrolytes confirm a decrease
in the intensity of the characteristic peak of the H-O stretching of
water molecules (23500 cm™') when the concentration of NMF
increases (Figure 2c). Besides, the peaks at #3300 cm™" correspond-
ing to H-N stretching vibration of NMF undergo a shift toward
lower wavelengths, demonstrating the influence of NMF molecules
on the solvation structure (Figure 2c). This is further verified by the
bending peaks at 1650 cm™"' corresponding to the primary amine
functional group (Figure S3, Supporting Information). Therefore, the
introduction of NMF solvent inevitably contributes to reducing the
free water molecules in the electrolyte. Meanwhile, NMF molecules
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ure 3a). The broad peak can be deconvoluted
into three peaks accordingly to the OTf solvation
state, i.e., free anions, aggregate cation-anion
pairs (AGG) and contact ion pair (CIP). As the
concentration in NMF increases, the anionic sol-
vation state evolves from free anions in solution
to aggregate cation-anion pairs.

Molecular dynamic (MD) simulations were employed to theoreti-
cally investigate the solvation sheath of Zn and Li ions in the elec-
wolytes. Figure 3b displays the screenshots of the molecular
arrangement in the 7.7-H,O and 7.7-H,O:NMF electrolytes after
20 ns at 298 K. It is obvious that free water molecules are present in
the 7.7-H,O electrolyte, whereas the water molecules in the 7.7-H,0:
NMEF electrolyte are surrounded and interact with NMF molecules,
demonstrating efficient solvation modulating effect of NMFE.['®* 1t
was recently demonstrated that in hybrid electrolytes (i.e., mixture of
Li salts and Zn salts) the Zn solvation structure was unchanged when
Li concentration increased.*”] However, the addition of strong polar
solvents in the aqueous electrolyte perturbs the solvation sheath of
Zn”* cations.”**) The highly polar molecules can break the water clus-
ters and preferentially solvate Zn>*. Therefore, the introduction of
NMF molecules totally changed both Li and Zn solvation sheaths. The
schematic evolution of the Zn>* solvation sheath is displayed in Fig-
ure 2b. When NMF molecules are present in the electrolyte, Zn™*
mostly interacts with OTf ™ anions and NMF molecules, which dearly
demonstrates the unique molecular arrangement due to the polar NMF
molecules. Furthermore, as shown by the radial distribution function
(Figure 3c,d), Zn"* is preferentially coordinated with water molecules
in the 7.7-H,O electrolyte (Zn—Og,0 > Zn—Ogrr). On the contrary, in
the 7.7-H,O:NMF electrolyte, Zn>* cations are favorably coordinated
with OTf™ anions as fewer water molecules participate in the solvation
sheath.**] Similarly, when NMF molecules are present in the elec-
trolyte, OTf™ anions enter Li* solvation sheath (Figure S4, Supporting
Information). Additionally, NMF molecules create additional hydrogen
bonds with water molecules, which further restrict the amount of free
water molecules and contribute to expand the electrochemical stability
window of the 7.7-H,0:NMF electrolyte (Figure 3¢).l*®]
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Figure 3. a) Raman spectra of pure NMF solvent and several 7.7 m LiOTf + 1 m Zn(OTf), in H,O:NMF electrolytes with variable H,O/NMF ratios (from 10:0 to
1:9). b) Snapshots of the simulated cells with 7.7-H,0 and 7.7-H,O:NMF after 20 ns at 298 K obtained with MD simulations, and schematic representation of the
solvation sheath of Zn cation in the corresponding electrolyte. The radial distribution function g(r) of Zn—O(OTf), Zn—-O(H,O) and Zn—O(NMF) pairs calculated
from MD simulation trajectories in c) 7.7-H,0 and d) 7.7-H,O:NMF. e) Number of hydrogen bonds formed in 7.7-H,O and 7.7-H,O:NMF systems at 20 ns.

2.3. Electrochemical Performance of the Zn||LMO Full Cells

The electrochemical performances of the 7.7-H,O:NMF electrolyte
were evaluated in Zn|[LMO full cells between 1.0 and 2.1 V (Figure 4;
Figure S5, Supporting Information). When the 7.7-H,0O electrolyte was
employed, the Zn|[LMO cells exhibited a high specific capacity of
108 mAh g~ during the first 50 cycles at 1 C. However, the specific
capacity severely decreased after 60 cycles and dropped to only
10 mAh g~ after 300 cycles (Figure 4a). As shown in the charge—dis-
charge voltage profiles (Figure 4b), the cells with 7.7-H,O electrolyte
started decomposing at 2.06 V mostly due to OFR, causing the drying
of the cells and the decline in cycling performance.** In sharp con-
trast, upon introducing NMF in the electrolyte, the cells with 7.7-H,O:
NMF electrolyte still delivered a capacity of 82 mAh g~ after 400
cycles, corresponding to a capacity retention of 82.3%. Meanwhile, a
high Coulombic efficiency of 99.7% was achieved, attesting to the
excellent cycling stability.

Additionally, the cells demonstrated no electrolyte decomposition
even at a low current density of 0.1 C (Figure 4c). The rate perfor-
mances of Zn||[IMO cells with the electrolytes of 7.7-H,0 and 7.7-
H,O:NMF are shown in Figure 4d. A cut-off time was set equal to the
theoretical charging time to prevent continuous water decomposition
in the 7.7-H,0 electrolyte (i.e., cut-off ime = 10 h, when the current
density is 0.1 C). Both cells successfully cycled for 10 cycles at 0.1 C,
delivering a specific capacity of about 110 mAh g~'. However, it is
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obvious that the cells with 7.7-H,O electrolyte suffered from substantial
side reactions as demonstrated by the low Coulombic efficiency of 70%
(vs 96% for the cells with 7.7-H,O:NMF at 0.1 C). As the cycling rate
increased, the specific capacity obtained with the cells containing the
7.7-H,0 electrolyte dropped sharply to almost 0 mAh g~ at 1 C, due
to the dried separator and the high impedance of the cells.P*31 As a
comparison, the 7.7-H,O:NMF electrolyte enabled the batteries to deli-
ver a stable specific capacity even at the high rate of 5 C with a
Coulombic efficiency close to 100%. When the current density was
reversed back to 0.1 C, the capacity retention of the Zn|[IMO cells
reached 96.2% of the specific capacity at 0.1 C.B¢] Furthermore, pouch
cells assembled with the 7.7-H,O:NMF electrolyte achieved more than
200 cycles with a high average Coulombic efficiency of 99.3% (Fig-
ure S6, Supporting Information).

The impedance of Zn|[LMO batteries was measured with electro-
chemical impedance spectroscopy (EIS) analyses driven before cycling,
after 15 cydles, and after 100 cycles (Figure S7, Supporting Information).
The simulation results obtained via an equivalent circuit are organized in
Figure 4e and Table SI, Supporting Information. When the 7.7-H,0
electrolyte was employed, the interface resistance (Rf) and the charge
transfer resistance (R.) sharply decreased between 0 and 15 cycles and
then remarkably increased after 100 cycles. This phenomenon can be
interpreted as an improvement in the interfacial contact reducing the
impedance of the cell in the first few cycles, followed by a decline of the
electrolyte amount in the cell caused by the endless water decomposition
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Figure 4. a) Cycling performance of Zn|[LMO full cells with 7.7-H,O (blue |

ton of LiOTf salt concentration and NMF mod-
ulator agent are essential to obtain optimal

ine) and 7.7-H,ONMF  gjocrochemical performances.

(pink line) electrolytes at 1 C. Charge and discharge curves of b) Zni7.7-H,OILMO batteries and c)
Zni7.7-H,O:NMFILMO batteries at various rate from 0.1 C to 5C and, d) corresponding rate
performance of Zn|[LMO full cells with 7.7-H,O (blue diamonds) and 7.7-H,O:NMF (pink circles)

electrolytes. e) The evolution of interfacial resistance of Zn||[LMO batteries with 7.7-H,0O (blue) and

7.7-H,O:NMF (pink) electrolytes at 15 and 100 cycles.

at the electrodes, thereby leading to the drying of the cell. For compar-
ison, after adding NMF solvent into the electrolyte, the values of Ry and
Ry continuously decreased from 9891 to 443 Q, and from 11 087 to
296 Q, respectively. The much smaller and sharply decreasing R¢in the
first 15 cycles may correspond to the formation of a stable SEI that hin-
ders continuous side reactions, while the steady diminishing R., value
confirms the excellent stability of the electrolyte.l*”+**]

To further demonstrate the excellent cycling of the Zni7.7-H,O:
NMFLMO batteries, the electrochemical performances of several elec-
trolyte compositions were investigated. First, Zn||LMO batteries contain-
ing 7.7 m LiOTf and 1 m Zn(OTf), with various H,O:NMF mass ratios
were cycled at 1 C (Figure S8, Supporting Information). As the concen-
tration of NMF increases in the electrolyte, the overall performance of
the battery increases. The electrolyte with H,O:NMF ratio equal to 1:9
demonstrated the highest capacity retention and excellent Coulombic
efficiency. Second, several batteries were assembled with different con-
centrations in LiOTf (1, 3 and 7.7 m) while maintaining the Zn salt con-
centration to 1 m Zn(OTf), and the H,O:NMF mass ratio equal to 1:9
(Figure S9, Supporting Information). When the electrolyte of 1 m
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2.4. Characterization of Zinc Anodes

The compatibility of Zn anodes with different
aqueous electrolytes was observed by field-emission scanning electron
microscope (FE-SEM) (Figure S11, Supporting Information). The Zn
metal foils were submerged in 7.7-H,0 and 7.7-H,O:NMF electrolytes,
and in H,O and NMF pure solvents for several days. After being
immersed for 49 days in pure H,O, the Zn metal foil displayed crys-
talline spear-shaped morphologies. Although less obvious, similar mor-
phologies were observed on the Zn foil that was submerged in the
electrolyte of 7.7-H,O. As verified with XRD, the white crystalline
deposit corresponds to zinc hydroxide (Zn(OH),) and zinc oxide
(ZnO) species (Figure S12, Supporting Information). The byproducts
were formed from the parasitic reactions between water molecules and
Zn metal due to the more alkaline nature of these two solutions (Fig-
ure S13, Supporting Information).[”"}o] In contrast, the Zn foils
remained uncorroded in pure NMF solvent and the 7.7-H,O:NMF
electrolyte, attesting to the remarkable compatibility of the as-prepared
electrolyte with Zn metal.

The reversibility of Zn plating and stripping was investigated in Zn
symmetric cells at different current densities ranging from 0.1 to
2 mA an”?, with a cut-off capacity of 0.1 to 2 mAh ecm™. As shown

© 2023 The Authors. Energy & Environmental Materials published by
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Zn anode
after cycling in 7.7-H,0

cyeles

(a) Zn anode before cycling

after cycling in 7.7-H,0: NMF
After 5 cycles

Zn anode cycled Zn anodes were retrieved from Zn||[LMO
full cells after 5 and 25 cycles in different elec-
trolytes, and the morphologies were analyzed by
FE-SEM (Figure 5a). The Zn anode cycled in the
7.7-H,O electrolyte presented sharp dendrites
after only 5 cycles. In comparison, the morphol-
ogy of the Zn anode that had cycled in the 7.7-
H,O:NMF electrolyte remained smooth without
apparent dendrite growth after 25 cycles. The
suppression of dendrites can be attributed to sev-
eral factors, such as the decrease of the Zn>" ion
desolvation energy owing to the high ion con-
centration in the electrolyte and the more
acidic pH value of the electrolyte (Figure S13,
Supporting Information).***?! Furthermore,
the XRD spectrum of the Zn anode, which

had cycled for 25 cydles in the electrolyte of
7.7-H,0, displayed an obvious peak at 33°
corresponding to ZnO species. In contrast, this
peak vanished when NMF was present in the

90s

electrolyte (Figure 5b). XPS depth profiling
analyses further confirmed the absence of ZnO
species on cycled Zn electrode (Zn 2p, peak
~1022.3 eV) suggesting that the reactivity of

H,0 molecules is dramatically limited (Fig-
ure S18a, Supporting Information).'*3**! The
F 1s, S 2p and C 1s spectra clearly exhibited
peaks corresponding to inorganic and organic

R ©F1s 90s|@s2p
27 7.4120: NmF
I ZNpristine § 8
S =
E Zn0 , T
© 30s
> ZnF,
2
MAANA
E W/
O0s
-CF,
28 30 32 34 36 38 40 690 687 684 e
21/° Binding energy / eV

Figure 5. a) FE-SEM images of the pristine Zn anode, and Zn anode after 5 and 25 cycles in 7.7-H,0
and 7.7-H,O:NMF. b) The corresponding XRD profiles of the Zn anode after 25 cycles in different
electrolytes. The c) F 1s, d) S 2p XPS depth profiling spectra of the Zn anode retrieved from

Zn||LMO batteries after 25 cycles with 7.7-H,O:NMF electrolytes.

in Figure S14, Supporting Information, the overpotential remained con-
stant for each current density, attesting to the reversible Zn plating and
stripping processes. However, the Zn symmetric cells in the absence of
NMF suffered from soft short-circuit at a current density of
0.5 mA cm™” and the cells short-circuit when the current density
reached 2 mA cm™”. The Coulombic efficiency of the Zn plating and
stripping processes was evaluated in half-cells (Figure S15, Supporting
Information). The half-cells with the 7.7-H,O:NMF electrolyte delivered
a high average Coulombic efficiency of 98.2% over 100 cycles and
98.5% over 300 cycles, demonstrating the superior reversibility of the
Zn chemistry in the 7.7-H,O:NMF electrolyte. In contrast, the half-cells
with the 7.7-H,0 electrolyte exhibited an average Coulombic efficiency
of 94.3% over 100 cycles. To further characterize the Zn deposition pro-
cess, the Zn deposition obtained by plating 1.5 mA h em™ Zn on Cu
substrate at 0.1 mA cm™” was observed with FE-SEM images (Fig-
ure S16, Supporting Information). The Zn plating appears smoother and
denser when NMF is present in the electrolyte. Furthermore, when
using the 7.7-H,O:NMF electrolyte, the nucelation potential was drasti-
cally reduced from 447.7 to 51.6 mV (Figure S17, Supporting Informa-
tion). This suggest that during the Zn deposition, the Zn ions must
overcome a smaller energy barrier."*!) Therefore, numerous Zn nuclei
can form on the surface of the Zn anode, thereby facilitating a uniform
plating. In order to attest the dendrite growth in full cell systems, the
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compounds (Figure 5c,d; Figure S18b, Sup-
porting  Information).*>**1 The  substantial
amount of ZnF, and Zn$S species suggests an
anion-driven SEI layer formation mechanism.
To further investigate the SEI formation mech-
anism, the lowest unoccupied molecular orbi-
tal (LUMO) energy levels of each ion-solvent
complex were calculated (Figure S19, Support-
ing Information). Upon the introduction of NMF in the electrolyte,
the LUMO energy levels of the Li and Zn solvation complexes dra-
matically decreased. This suggests that the formation of an SEI deriv-
ing from the decomposition of these complexes has been facilitated
in the 7.7-H,0:NMF electrolyte.[*”]

2.5. Investigation on the LMO Cathodes

The electrochemical mechanism occurring at the cathode side was
investigated to deepen our understanding of the Zn||LMO hybrid sys-
tems with 7.7-H,O:NMF electrolyte. The cyclic voltammograms (CVs)
of IMO cathodes in the electrolyte with and without NMF exhibit two
conventional oxidation peaks at 1.8 and ~2.0 V versus Zn/Zn"* and
two reduction peaks at ~1.7 and 1.9 V versus Zn/Zn**, correspond-
ing to the intercalation and deintercalation of Li* ions, respectively
(Figure 6a).**) As observed, there is a noticeable peak shift in the CV
curves after adding NMF in the electrolyte. According to the Nernst
equation (Equation 1), the Li potential insertion is influenced by the Li
chemical activity. The introduction of NMF affects the Li solvation
sheath, which results in an upward shift in the Li insertion potential in
LMO cathode. This phenomenon has been observed in previous works
on highly concentrated electrolytes.['*)
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The amount of Mn** compounds in the 7.7-

@ 00 020 o8 03 %0 12 ®
06 —F——F———— H,0 electrolyte was close to two-fold higher
o'lg 0'4_:;*;::287 - %7? than that with the 7.7-H,O:NMF electrolyte,
< T 5 f signifying that the presence of the NMF mole-
< 0.2 St 3 cules significantly impedes the dissolution of
s = Mn species from the cathode into the elec-
§ 0.0 % B S trolyte. Furthermore, LMO cathodes were ana-
E_o_z_ £ g lyzed by XPS depth profiling, which confirmed
3 ® the excess of Mn>* species soluble in the 7.7-
041 H,O electrolyte (Figure 6d, left). As a compar-
10 12 14 16 18 20 22 18 19 20 18 19 20 1 é ison, the XPS depth profiling spectra displayed a
Voltage / V vs. Zn/Zn? 208/° 20/° . large amount of Mn®* species as well as
(© ) s 7.7:H,0 90s 7.71,0 : NMF reduced Mn”" species in the IMO cathode
35 P Mn 2p 0S| which cycled in the 7.7-H,O:NMF (Figure 6d,
right). The inter-molecular interaction between

.

NMEF and water molecules largely obstructs the

NN

30s disproportionation of Mn** and the Mn** dis-
solution in the electrolyte, thereby resulting in
high cycling performance of the Zni7.7-H,0:

Mn concentration
/ ppm per mg LMO
Intensity / a.u.

7.7-H,0: NMF

Mn** Mn4+

NMFLMO full cells.
Mn3* 08

3. Conclusion

645 642 639
Binding energy / eV

Figure 6. a) Cyclic voltammograms of the LMO cathodes in the electrolytes of 7.7-H,O (blue line)
and 7.7-H,O:NMF (pink line) at 1 mV s™". b) In-situ XRD spectra of the LMO cathodes during the
5th cycle in the electrolytes of 7.7-H,0 (left) and 7.7-H,O:NMF (right) at 0.2 C. ¢) The amounts Mn
species on the separators after 25 cycles in the electrolytes without NMF (blue) and with NMF
(pink), obtained with ICP-MS analysis. d) XPS depth profiling presenting the Mn 2ps,, spectra of
LMO cathodes after 25 cycles in the electrolytes without NMF (left) and with NMF (right).

RT (aRed
ERed:E](’)\ed_ﬁln(l{E ) (1)

dox

where E is the half-cell reduction potential, E® is the standard half-
cell reduction potential, R is the universal gas constant, T is the
temperature, z is the number of electrons transferred in the half-
cell reaction, F is the Faraday constant, and a is the chemical activ-
ity (Red and Ox corresponds to the reduced and oxidized form,
respectively). In-situ XRD was employed to further investigate the
Li*-ion intercalation and deintercalation behaviors during cycling.
Figure 6b displays the in-situ XRD spectra of the 5th cycle in the
Zn||[IMO full cell with and without NMF at 0.2 C. During the
charge process, there is an obvious shift toward higher angle of
the (111) peak, attesting to the extraction of Li*-ions, whereas
during the discharge process, the peak shifts back to its original
position, confirming the reversible Li ions insertion and extraction.
The CV and in-situ XRD spectra further demonstrate that Zn** ions
do not intercalate in IMO cathode.[**? One of the major drawbacks
of spinel LMO cathodes is the capacity fading caused by the dispro-
portionation of trivalent manganese (Mn®*") into divalent and
tetravalent manganese (i.e., Mn**, Mn**) species. Mn’* is highly
soluble in aqueous electrolytes, which engenders irreversible crys-
tallographic structural changes and dramatic capacity fading.[5 0-51]
After 25 cycles, the separators were retrieved from the cells with
7.7-H,O and 7.7-H,O:NMF electrolytes and analyzed by induc-
tively coupled plasma mass spectroscopy (ICP-MS) in order to
quantify the Mn** species present in the electrolytes (Figure 6c).

Energy Environ. Mater. 2023, 6, e12578

Binding energy / eV

7 of 9

645 642 639
The electrolyte solvation structure was carefully

modified by introducing NMF into an aqueous
electrolyte composed of 7.7 m LiOTf, 1 m Zn
(OTf), and water. We found that the NMF mole-
cules closely interact with water molecules and
disturb the Zn®* cation sheath structure. The
diverse benefits resulting from inter-molecular
interactions include: 1) the electrochemical sta-
bility window was dramatically extended, allowing the successful appli-
cation of electrodes with high voltage redox couples such as the IMO
cathode; 2) the zinc plating and stripping processes were improved
owing to the lower Zn desolvation energy barrier; 3) a robust inorganic-
rich SEI was formed on the Zn anode, which prevented Zn dendrite
growth; and 4) the transition metal dissolution from the IMO cathode
into the electrolyte was reduced due to the small amount of free water
molecules in the crowded electrolyte. Furthermore, the as-prepared elec-
trolyte is non-flammable and less expensive than “water-in-salt” ana-
logues. Moreover, Zn|[LMO full cells with the solvaton engineered
structure electrolyte exhibited excellent cycling stability and high average
Coulombic efficiencies in both coin cells and pouch cells, indicating their
promising potential for practical applications. Besides, this electrolyte
design could also be adapted to other high voltage cathode materials in
sodium and potassium energy storage systems.

4. Experimental Section

Electrolyte preparation: Zinc trifluoromethanesulfonate (Zn(OTf), 98%; Sigma
Aldrich) and lithium trifluoromethanesulfonate (LIOTf, 99.995% trace metals
basis; Sigma Aldrich) salts, and NMF (99%; Sigma Aldrich) solvent were used as
received without further purification. The electrolytes were simply prepared by
dissolving 1 m of Zn(OTf), in water and then, adding a certain amount of LIOTf
salt at 40 °C, where the unit “m” is molality (i.e, mole of salts per kilo of solvent)
and “M” correspond to molarity (i.e, mole of salts per liter of solvent).

Electrolyte characterizations: The electrochemical stability window of the
electrolytes was measured via linear sweep voltammetry (LSV) method using the
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VMP3 (Bio Logic Science Instruments) multichannel electrochemical station. In
order to observe HER and OER potential, the zinc species in the electrolyte were
replaced by lithium species, and the anion mole number was conserved (ie, T m
Zn(OTf), was replaced with 2 m LiOTf). In this case, the testing cell was a three-
electrode system with titanium foil as working electrode, platinum wire as coun-
ter electrode and a silver/silver chloride reference electrode. The voltage range
was from the open circuit voltage (OCV) to 2.0 V versus Ag/AgCl for the positive
scan and from the OCV to —2.5 V versus Ag/AgCl for the negative scan at the
scan rate of 10 mV s™". The electrochemical stability window of the electrolyte
containing Zn salts was also measured in a two-electrodes system with Zn foil as
the counter and reference electrode and stainless-steel blocking electrode as the
working electrode. The voltage range was from the open circuit voltage (OCV) to
30 V versus Zn/Zn>* for the positive scan and from the OCV to —2.0 V versus
Zn/Zn** for the negative scan at the scan rate of 10 mV s~ . The Fourier trans-
form infrared (FT-IR) spectra of the electrolytes were obtained with a Nicolet
Magna 6700 spectrometer at room temperature. The Raman analyses were effec-
tuated with a Renishaw Raman spectrometer system (Gloucestershire, UK). For
the combustion test, 100 pL of electrolyte sample was dropped onto a glass fiber
separator and exposed to a flame for 5 s. The mass retention of different elec-
trolyte samples was measured by aging at room temperature under atmospheric
condition.

The static stability of the electrolyte toward Zn metal anode was qualitatively
observed by introducing a piece of Zn metal into different electrolytes. After
49 days, SEM observations (Zeiss Supra 55VP) and XRD (Bruker D8 discover)
measurements were effectuated.

Electrochemical performances: The electrochemical performances were eval-
uated in coin cells (mass of the casing including spacer and spring 2.5 g mass
of the separator ~13.6 mg and mass of electrodes ~50 mg). The half cells were
assembled with Zn and Cu electrodes. The electrolyte was dropped on a GF sepa-
rator. The cells were aged for 6 h and then cycled at 0.1 mA cm™ at
0.1 mAh cm™, with a 1 V cut off voltage. The symmetric cells were assembled
with two Zn electrodes, and GF separator. The cells were also aged for 6 h before
cycling at a different current density.

Lithium manganese oxide (LiMn,O, LMO) was purchase from Shanshan Co,
Ltd. The cathodes were prepared by mixing the active material with carbon black
and polyvinylidene fluoride (PvDF; Sigma Aldrich) binder with a mass ratio of
80:10:10 in anhydrous N-methyl-2-pyrrolidone (NMP; Sigma-Aldrich). The
obtained slurry was coated onto a Ti foil current collector and dried in a vacuum
oven overnight at 70 °C. The CVs of LMO electrodes were recorded in a two-
electrode system with Zn foil as the counter and reference electrode at 1 mV s™".
The Zn||LMO aqueous full cells were assembled in coin cells and pouch cells with
Zn foil as the anode, LMO as the cathode with a mass loading of ~2 mg cm™,
and glass fiber membrane (Whatman GF/A) as the separator. The electrolyte:
LMO ratio in each cell was set at ~50 uL mg~" uniformly. The electrochemical
performances were recorded at 1 C for long-term cycling stability test and
between 0.1 C and 5 C for rate performances based on the mass of the cathode
(1 C = 148 mAh g") between 1.0 and 2.1 V on a LAND 2001-A battery testing
system at 30 °C. The corresponding EISs after 0, 15 and 100 cycles were recorded
on the VMP3 electrochemical station in a frequency range of 10 mHz to 100 kHz
with a disturbance amplitude of 5 mV. The Zn deposition morphology after
cycling was characterized by field emission scanning electron microscope (FE-
SEM, Zeiss Supra 55VP).

Material characterizations: The in-situ XRD analyses were carried out on a
Bruker D8 discover diffractometer between 15 °C and 90 °C at room tempera-
ture. The electrodes were collected from the Zn||LMO cells after 25 cycles, washed
with NMF and exposed to XPS depth profiling analysis. The X-ray photoelectron
spectroscopy (XPS) depth profiling spectra were obtained with a PHI 5000 VersaP-
robe I spectrometer using a monochromatic Al Ko X-ray source at 1486.6 eV.
The amount of Mn ions dissolved in the electrolyte after cycling was determined
by inductively coupled plasma mass spectroscopy (ICP-MS). The cells were disas-
sembled after 25 cycles, and the Mn ions were eluted from the glass fiber separa-
tors via a sample digestion/extraction technique in a mixed acid (4HNOs—THCI).

Numerical simulation: Molecular dynamics (MD) simulations were per-
formed using NAMD.*?! The different electrolyte systems were setup initially by
using PACKMOL® Periodic boxes of 20 A were used. The properties of H,0 are
assessed with SPC/E parameters. The force-fields parameters and partial charges of
Zn**, Li* and OTf™ were obtained from previous reports!*~* A Lennard-Jones
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(L)) cut-off of 10 A and a particle-particle particle-mesh solver for long-range
Coulombic interactions were also employed. Velocity-Verlet algorithm was applied
to integrate the equations of motion with a time step equalled to 0.5 fs. First, Lan-
gevin dynamics was performed at 500 K for 5 ns, and then NPT runs were per-
formed at 298 K for 10 ns to ensure that the equilibrium salt dissociation had
been reached. Then, the NVT runs were 20 ns long at 298 K. VMD was employed
to visualize the last 1 ns trajectory, which was used to obtain the structure of the
electrolyte>) The hydrogen bonds were calculated considering a distance cut-off
of 35 A and an angle cut-off of 30°. The geometric solvation structures (Li*[sol-
vent],[anion] or Zn**[solvent],[anion]) were optimized at the PBEO level (density
functional theory model) with the Valence triple-zeta polarization basis sets
(DEF2-TZVP) implemented into Gaussian09 package. To achieve desired structural
properties, all the electrolyte systems (7.7 m LIOTf + 1 m Zn(OTf), in H,O and
7.7 m LOTf + 1 m Zn(OTf), in H,ONMF = 1:9) were equilibrated at 300 K,
1 atm in NPT ensemble for 10 ns before the last 5-ns trajectory was carried out
to calculate the averaged density. Each system was then optimized from 1000 to
300 K three times in the NVT ensemble for another 30 ns. These systems were
repeatedly simulated at the same condition, and the last 5 ns trajectory was cho-
sen for the structural analyses.
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