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d aqueous electrolytes with
organic solvent additives for stable zinc batteries†‡

Yang Dong,§a Licheng Miao,§bc Guoqiang Ma,a Shengli Di,a Yuanyuan Wang,a

Liubin Wang,ab Jianzhong Xua and Ning Zhang *ab

Rechargeable aqueous zinc batteries (RAZBs) are promising for large-scale energy storage because of their

superiority in addressing cost and safety concerns. However, their practical realization is hampered by

issues including dendrite growth, poor reversibility and low coulombic efficiency (CE) of Zn anodes due

to parasitic reactions. Here, we report a non-concentrated aqueous electrolyte composed of 2 m zinc

trifluoromethanesulfonate (Zn(OTf)2) and the organic dimethyl carbonate (DMC) additive to stabilize the

Zn electrochemistry. Unlike the case in conventional aqueous electrolytes featuring typical Zn[H2O]6
2+

solvation, a solvation sheath of Zn2+ with the co-participation of the DMC solvent and OTf� anion is

found in the formulated H2O + DMC electrolyte, which contributes to the formation of a robust ZnF2
and ZnCO3-rich interphase on Zn. The resultant Zn anode exhibits a high average CE of Zn plating/

stripping (99.8% at an areal capacity of 2.5 mA h cm�2) and dendrite-free cycling over 1000 cycles.

Furthermore, the H2O + DMC electrolytes sustain stable operation of RAZBs pairing Zn anodes with

diverse cathode materials such as vanadium pentoxide, manganese dioxide, and zinc hexacyanoferrate.

Rational electrolyte design with organic solvent additives would promote building better aqueous batteries.
Introduction

Safe, reliable, and cost-effective electrochemical energy storage
technologies are demanded for the efficient utilization of
renewable energy sources such as solar and wind.1,2 Among
various options, rechargeable aqueous Zn batteries (RAZBs) hold
great promise because of the advantages of metallic Zn anodes
including abundant resources, environmental benignancy, low
cost, and high theoretical specic/volumetric capacity
(820mA h g�1 and 5855mA h cm�3).3–5Moreover, compared with
ammable organic electrolytes widely adopted in lithium-ion
batteries (LIBs), aqueous electrolytes intrinsically provide
improved safety, and their higher ionic conductivities favor high
rate capability.6,7 These features promote the recent renaissance
of RAZBs with extensive research on a variety of cathode mate-
rials, including manganese oxides,8–10 Prussian blue
analogues,11,12 vanadiumoxides,13–16 and organic compounds.17–20
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Nonetheless, state-of-the-art RAZBs are plagued by the issues
associated with metallic Zn anodes, such as low plating/
stripping efficiency, dendrite growth, and unstable Zn–electro-
lyte interface along with water-induced side reactions (e.g., H2

evolution and surface passivation).4,21,22 To address these chal-
lenges, an efficient strategy is to construct hierarchical struc-
tures23–26 or modication layers27–30 on Zn anodes. Besides,
electrolyte modulation is considered to be a facile approach to
stabilize metal anodes by regulating the interface chemistry.31–35

Recently, highly concentrated electrolytes (e.g., 1 m Zn(TFSI)2 +
20 m LiTFSI (m: mol kg�1)36) and deep eutectic electrolytes (e.g.,
�4.2 m Zn(TFSI)2 in nonaqueous acetamide37) were proposed to
form an anion-derived solid electrolyte interphase (SEI) layer on
the Zn anode. This SEI allows rapid Zn2+ diffusion while
blocking solvents and electrons, and thus suppressing water-
induced side reactions.36,37 However, the higher cost, reduced
ionic conductivity, and increased viscosity of these salt-
concentrated electrolytes raise much concern towards their
practical use. In a conventional aqueous electrolyte (concen-
tration generally below 2 mol L�1), the typical solvation struc-
ture of Zn[H2O]6

2+ without anion coordination makes it
infeasible to form a protective SEI from the reductive decom-
position of anions before Zn deposition.35,36 Instead, competi-
tive water decomposition with H2 evolution occurred (H2O /

H2 + OH�), which increases the local pH and induces the
generation of Zn hydroxides or zincates to passivate the Zn
anode.35,38 Therefore, it is desirable to stabilize the Zn electro-
chemistry in non-concentrated aqueous electrolytes.
Chem. Sci., 2021, 12, 5843–5852 | 5843
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Herein, an aqueous electrolyte composed of 2 m Zn(CF3SO3)2
(Zn(OTf)2) in water with the dimethyl carbonate (DMC) additive
is developed and demonstrated to form a stable SEI layer on the
Zn anode. Based on molecular dynamics (MD) simulations,
density functional theory (DFT) computations and spectro-
scopic investigations (i.e., FTIR, 17O NMR, and Raman), a new
solvation shell of Zn2+ with the co-participation of the DMC
solvent and OTf� anion is found in the formulated H2O + DMC
electrolyte. The co-solvation process enables the formation of
an organic–inorganic hybrid SEI with rich ZnF2 and ZnCO3,
which is proposed to derive from the reductive decomposition
of Zn2+–DMC and Zn2+–OTf� coordinations before Zn deposi-
tion. This hybrid SEI effectively suppresses water-induced
parasitic reactions on the Zn anode, and thus enables high-
efficiency Zn plating/stripping and extended dendrite-free
cycling. In addition, the Zn(OTf)2 in the H2O + DMC electro-
lyte is versatilely compatible with different cathode materials
such as transition metal oxides and hexacyanoferrate.

Results and discussion
Electrolyte formulation and characterization

Dimethyl carbonate (DMC) as a primary co-solvent has been
widely used in LIBs, and its favorable reduction results in the
formation of the SEI on the anode surface, which can stabilize
the electrode/electrolyte interface and support cation transfer.39

Inspired by this co-solvent design, we have constructed aqueous
electrolytes with the DMC additive for RAZBs by mixing water
and DMC in varied molar ratios and then adding Zn(OTf)2 salt
into the mixed solvent with a constant concentration of 2 m
(m: mol kg�1, Fig. S1, ESI‡). The molar ratios between water and
DMC solvents are tentatively selected at 8 : 1, 6 : 1, 4 : 1, and
2 : 1, and the corresponding electrolytes are denoted as W8D1,
W6D1, W4D1, and W2D1, respectively. A 2 m Zn(OTf)2 aqueous
electrolyte without DMC (denoted as 2 m W) was also prepared
for comparison. The compositions of these electrolytes are
summarized in Table S1 (ESI‡). As a non-polar solvent, DMC is
immiscible with polar water (Fig. 1a) and it is not readily soluble
with Zn(OTf)2 salt (Fig. S2, ESI‡). Interestingly, the miscibility
between DMC and water can be regulated (Fig. 1b) by adding
Zn(OTf)2 salt, which acts as a linker interplaying with both DMC
and H2O (discussed later). Molecular dynamics (MD) simula-
tions reveal the homogeneous solution state (Fig. 1c) of 2 m
Zn(OTf)2 in the H2O + DMC electrolyte and the apparent phase
separation (Fig. 1d) of the H2O + DMC mixture without salt.
Ignition tests intuitively identify the non-ammable nature of
W4D1 and W8D1 electrolytes (Fig. 1e and S3, ESI‡), whereas,
further increasing the DMC content in the electrolyte (e.g.,
W2D1) leads to electrolyte combustion (Fig. 1f). Although the
ionic conductivity of Zn(OTf)2 in H2O + DMC electrolytes grad-
ually decreases with increasing DMC ratio, a considerable
conductivity of 25.4 mS cm�1 is obtained in W4D1 (Fig. S4,
ESI‡). This value is much higher than those of typical non-
aqueous electrolytes (1–10 mS cm�1).1,39

The solvation structure of H2O + DMC electrolytes and the
interaction between Zn(OTf)2 and the solvent were investigated
by different spectroscopic methods. Fig. 1g presents the Fourier
5844 | Chem. Sci., 2021, 12, 5843–5852
transform infrared (FTIR) spectra of H2O + DMC electrolytes
along with the neat DMC and H2O solvents. The broad O–H
stretching band can be ascribed to three states of water mole-
cules using the Gaussian function:40 (1) “network water (NW)”
(�3205 cm�1) associated with water molecules with a strong H-
bond coordination (coordination number close to four); (2)
“intermediate water (IW)” (�3410 cm�1) corresponding to water
molecules with distorted H-bonds and somewhat connected to
other water molecules though unable to build a fully connected
network; (3) “multimer water (MW)” (�3560 cm�1) ascribed to
water molecules standing as free monomers or dimers or
trimers and being poorly connected to their environment.
Accordingly, the addition of DMC signicantly disrupts the
strong H-bonding network as conrmed by the signicant
decrease of the “network water” fraction from 52.9% in pristine
2 m W to 27.5% in W2D1 (Fig. S5, ESI‡). Nuclear magnetic
resonance (NMR) spectra demonstrate that the 17O chemical
shi in H2O (0 ppm) experiences a downshi (high led)
accompanied by peak broadening upon the addition of DMC
(Fig. 1h). This evolution reveals that the increase of electron
density on oxygen (water) caused by the breaking of the H-bond
network results in the shielding effect.41,42 The 17O chemical
shi of DMC solvent is provided in Fig. S6 (ESI‡).

Raman spectra of the H2O + DMC series also unveil the
evolution of the solvation conguration. As shown in Fig. 1i,
pure DMC shows a broad peak at �916 cm�1, which is associ-
ated with the CH3–O stretching mode of the free DMC.43,44 With
the addition of DMC into aqueous electrolytes, a new band
located at �923 cm�1 appears owing to the coordination of
DMCwith Zn2+. Note that Lewis acidic Zn2+ can interact with the
lone-pair of electrons on O from DMC (Lewis base), making the
DMC–Zn2+ coordination feasible. Moreover, the calculated
binding energy of the DMC–Zn2+ complex is lower than that of
the H2O–Zn

2+ counterpart (Fig. S7, ESI‡), indicating that DMC
can favourably coordinate with Zn2+. The tting results
demonstrate that the contents of DMC bound to Zn2+ in the
electrolyte samples (Table S1, ESI‡) gradually increase with the
addition of DMC (fromW8D1 to W2D1, Table S3, ESI‡). Further
increasing the DMC ratio (from W4D1 to W2D1) leads to the
increase of the free DMC fraction, which could explain the
ammable nature of the W2D1 electrolyte (Fig. 1e). In the
Raman region of the OTf� anion (Fig. 1j), three broad peaks at
�1028, 1032, and 1037 cm�1 represent the free anion (FA),
solvent-separated ion pairs (SSIP, Zn2+–(H2O)x(DMC)y–OTf

�)
and contact ion pairs (CIP, Zn2+–OTf�), respectively.45 Similar to
previous reports,36,37 the majority of OTf� anions do not directly
connect with Zn2+ in the non-concentrated 2 m W electrolyte.
Upon adding DMC into aqueous electrolytes, the portion of the
Zn2+–OTf� coordination signicantly strengthens in W4D1 as
compared to that in 2 m W (Table S4, ESI‡), suggesting the
involvement of the OTf� anion in the Zn2+ solvation sheath.
Additionally, the SSIP signal experiences a slight redshi with
the addition of DMC (from W8D1 to W2D1), indicating that the
reduced coulombic interaction may be due to the barriers of
DMC.

MD simulations were performed to study the Zn2+-solvation
sheath in 2 m W and H2O + DMC (W4D1) electrolytes. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Electrolyte characterization. Digital photos of (a) the immiscibility between H2O and DMC solvents, and (b) the homogeneous 2 m
Zn(OTf)2 in a H2O +DMC electrolyte (W4D1). 3D snapshots obtained fromMD simulations showing (c) themiscibility of theW4D1 electrolyte and
(d) the phase separation of H2O and DMC solvents (H2O domain in yellow and DMC as the wireframe). Ignition tests of (e) W4D1 and (f) W2D1. (g)
FTIR spectra of 2 m W, W8D1, W6D1, W4D1 and W2D1 electrolytes, and typical fitted curves (dashed line) of W2D1. (h) Chemical shifts of 17O
nuclei of H2O in H2O + DMC electrolytes. Raman spectra between (i) 903 and 937 cm�1 (CH3–O stretching vibration of DMC) and (j) 1019 and
1045 cm�1 (SO3 stretching mode) of different H2O + DMC electrolytes.
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particular number of ions and molecules in the simulation box
is summarized in Table S2 (ESI‡). In the non-concentrated
aqueous electrolyte (2 m W), Zn2+ is considered to coordinate
with six H2O molecules (Zn[H2O]6

2+) without considerable
contribution from OTf� anions. In W4D1, the DMC solvent and
OTf� anion occur in the Zn2+-solvation structure (schematically
shown in Fig. 2a), due to the strong interaction among Zn2+,
OTf� and DMC, and the decreased ratio of water. This evolution
of the Zn2+ structure agrees with the spectroscopic results.
Radial distribution functions (RDFs) revealing the distributions
of nearest-neighbor molecules19 were further employed to
elucidate the solvation information of W4D1 (Fig. 2b). RDFs
show that the primary solvation shell of Zn2+ (central ion) is
around 0.4 nm in distance. Two peaks of the Zn-O (DMC) pair
and Zn-O (OTf�) pair are identied at 0.33 and 0.37 nm,
respectively, supporting the participation of DMC and OTf� in
the Zn2+-solvation structure. In W4D1, the rst Zn2+-solvation
sheath is occupied primarily by 3.9 H2O molecules, 0.7 DMC
solvent, and 1.4 OTf� anions on average (i.e., Zn2+[H2O]3.9[-
DMC]0.7[OTf

�]1.4). The RDFs in W8D1 are provided in Fig. S8
(ESI‡). Furthermore, the fraction of free water is�82% in 2mW
and decreases to �55% in the W4D1 electrolyte (Fig. 2c). This
decrease suggests signicantly reduced water activity, which
favors the suppression of parasitical Zn–water reactions. In
addition, the predicted ionic conductivities of the electrolytes
are in good agreement with the experimental values (Fig. S4,
ESI‡), demonstrating the validity of MD simulations.

According to the combination of experimental (FTIR, 17O-
NMR, and Raman spectra) and modeling investigations, we
propose that the signicant interaction among Zn2+, OTf�, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
DMC provides a unique Zn2+-solvation structure in the W4D1
electrolyte with the co-participation of the DMC solvent and
OTf� anion to form Zn2+[H2O]3.9[DMC]0.7[OTf

�]1.4. This solva-
tion structure differs from that of the typical solvation shell (i.e.,
Zn[H2O]6

2+) in a non-concentrated aqueous electrolyte without
DMC solvent. The co-contribution of anion OTf� and DMC
further enables a new interface chemistry induced by the
reductive decomposition of OTf� and DMC and stabilizes Zn
electrochemistry, as discussed below.
Reversibility and stability of the Zn anode in H2O + DMC
electrolytes

The Zn plating/stripping properties in H2O + DMC electrolytes
were evaluated using Zn/Ti asymmetric cells and Zn/Zn
symmetric cells. Fig. 3a shows the CE of Zn plating/stripping
in Zn/Ti cells recorded at a current density of 1.0 mA cm�2,
a deposition capacity of 1.0 mA h cm�2 and a cut-off voltage of
0.5 V (vs. Zn2+/Zn). The CE value is dened as the ratio of the
stripping capacity to the plating capacity. Clearly, the revers-
ibility and stability of the Zn anode improve with increasing
DMC content. The Zn/Ti cell in the W4D1 electrolyte displays an
initial CE of 84.4%, and then it increases to 99.6% aer 30
cycles. Impressively, an average CE of 99.8% is maintained aer
200 cycles. In sharp contrast, the cell in the 2 m W electrolyte
shows rapid capacity decay and CE below 58% aer 100 cycles,
which could be attributed to the side reactions between H2O
and the Zn anode. Fig. 3b displays the typical Zn plating/
stripping proles. Stable voltage curves are characterized in
W4D1, where the separation of charge and discharge potentials
decreases initially and stabilizes at �110 mV aer 50 cycles. A
Chem. Sci., 2021, 12, 5843–5852 | 5845
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Fig. 2 MD studies of the Zn2+ solvation structure. (a) Snapshot of the MD simulation cell for the W4D1 electrolyte, and the representative Zn2+-
solvation structures inW4D1 and 2mWelectrolytes. (b) RDFs of Zn-O (H2O), Zn-O (DMC) and Zn-O (OTf�) pairs, and the coordination number in
the W4D1 electrolyte. (c) Fraction of free water (not solvating to Zn2+) in the H2O + DMC electrolytes with a 100 ns simulation time.
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lower CE with an unstable stripping process is observed in the 2
m W counterpart. Although the W2D1 electrolyte also affords
stable cycling of Zn, the overpotential (�172 mV at the 50th
cycle, Fig. S9, ESI‡) is much higher than that in W4D1, due to
Fig. 3 Zn2+ plating/stripping behaviors in H2O + DMC electrolytes. (a) Z
Typical voltage profiles of Zn/Ti cells in W4D1 and 2mW at 1mA cm�2. (c)
5 mA cm�2. (d) Evolution of voltage profiles of Zn/Ti cells in W4D1 and

5846 | Chem. Sci., 2021, 12, 5843–5852
the lower ionic conductivity. Typical charge/discharge proles
of Zn/Ti cells in W8D1 and W6D1 electrolytes (Fig. S10 and S11,
ESI‡) suggest better performances than 2 m W but inferior
stability to W4D1.
n plating/stripping CE values of Zn/Ti cells in different electrolytes. (b)
Cycling stability and Zn plating/stripping CE of the Zn/Ti cell inW4D1 at
2 m W electrolytes under a ‘reservoir half-cell’ method.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06734b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

eu
rz

h 
20

21
. D

ow
nl

oa
de

d 
on

 2
02

6-
06

-2
0 

11
:5

1:
59

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
At a high current of 5.0 mA cm�2 with an areal capacity of
2.5 mA h cm�2, the Zn/Ti cell in W4D1 sustains durability over
600 cycles with a high average CE of 99.8% (Fig. 3c). Moreover,
stable Zn plating/stripping plateaus without uctuations are
detected (Fig. S12, ESI‡), suggesting effective suppression of the
side reactions on Zn (e.g., H2 evolution and Zn passivation).
Such good reversibility signicantly stands out among those of
the reported Zn anodes (Table S5, ESI‡). Fig. 3d shows the
voltage proles of Zn/Ti cells to further evaluate the reversibility
of Zn plating/stripping in W4D1 and 2 m W electrolytes,
according to the ‘reservoir half-cell’ protocol.21 The Zn/Ti cell
rstly undergoes two cycles of charge/discharge to mitigate the
substrate effects (e.g., lattice mismatch and interphase effects
etc.) at 1 mA cm�2 with an areal capacity of 1 mA h cm�2 and an
upper cut-off voltage of 0.5 V. Subsequently, 1 mA h cm�2 of Zn
(Qp) is plated on Ti as a Zn reservoir, which is cycled at a xed
capacity of 0.2 mA h cm�2 (Qc). Aer n (e.g., 20) cycles, this cell is
fully charged to 0.5 V to strip all removable Zn (Qs). The average
CE can be calculated by the equation CE ¼ (nQc + Qs)/(nQc + Qp).
The W4D1 electrolyte supports signicantly more stable
plating/stripping and higher average CE than 2 m W (99.2% vs.
82.5%).

Furthermore, Zn/Zn symmetric cells were assembled to
investigate Zn plating/stripping behaviors. The thickness of Zn
foil is 50 mm (areal capacity: �29.2 mA h cm�2). Fig. 4a shows
the voltage proles at 1 mA cm�2 with a discharge/charge time
of 0.5 h. The cell withW4D1 exhibits a high cycling stability over
1000 h without any evident voltage hysteresis or overpotential
Fig. 4 Electrochemical test and characterization of Zn anodes in Zn/Zn
electrolytes at 1 mA cm�2. (b) Cycling performance in theW4D1 electroly
(d, e) SEM images (scale bar, 10 mm) and (f) XRD patterns of Zn anodes
anodes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
increase, in contrast to those in W8D1 and 2 m W with short
lifespans and apparent voltage uctuations. Enlarged
discharge/charge curves are provided in Fig. S13 (ESI‡). The
gradually reduced polarization in W4D1 during the initial 50
cycles is ascribed to the electrode activation process, as
conrmed by the decrease of charge transfer resistance from
electrochemical impedance spectroscopy (EIS, Fig. S14, ESI‡).
At 5 mA cm�2 with an areal capacity of 2.5 mA h cm�2 (corre-
sponding to �8.5% depth of discharge (DOD)), the durability
and reversibility of the Zn anode can be sustained up to 800 h in
W4D1 (Fig. 4b and Fig. S15, ESI‡). Fig. 4c shows the rate capa-
bility of Zn/Zn cells with W4D1 and W2D1 electrolytes. The
W4D1 cell delivers a stable and at voltage plateau with
a smaller increase of overpotential relative to the W2D1 cell
(Fig. S16, ESI‡). Remarkably, as the current increases to 20 mA
cm�2, the cell sustains a high areal capacity of 10 mA h cm�2

with a considerable DOD of 34.2% and low overpotential of
�270 mV. The electrochemical performance of the Zn/Zn cell in
this H2O + DMC system is competitive in comparison with those
of recently reported Zn-based symmetric cells (Table S6, ESI‡).

Scanning electron microscopy (SEM) imaging demonstrates
that the Zn electrode in the W4D1 electrolyte maintains a dense
and smooth surface aer 300 cycles at 1C (Fig. 4d). Impressively,
a dendrite-free and uniform Zn surface is also characterized
aer 1050 cycles, ensuring the high stability of the Zn anode
(Fig. S17, ESI‡). In sharp contrast, the cycled Zn electrode in the
2 mW electrolyte shows an uneven porous structure with cracks
and dendrites (Fig. 4e). Moreover, there is no discernible by-
cells. (a) Comparison of voltage profiles in W4D1, W8D1 and 2 m W
te at 5mA cm�2. (c) Rate capability of Zn/Zn cells with W4D1 andW2D1.
after 300 cycles. Insets of (d, e) show the optical images of cycled Zn
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product in Zn aer 300 cycles in W4D1, as evidenced by the X-
ray diffraction (XRD) analysis (Fig. 4f), while, strong XRD signals
related to the zinc triate hydroxide hydrate (ZnxOTfy(OH)2x–
y$nH2O, ZOTH) are detected in 2 m W. The formation of ZOTH
might follow a similar process to that of zinc sulfate hydroxide
hydrate (Zn4SO4(OH)6$5H2O), which has been oen observed in
aqueous ZnSO4 electrolytes.30,38,46 Specically, the H2 evolution
reaction leads to an increase of OH� concentration in the
vicinity of the electrode, triggering the precipitation reaction
(xZn2+ + yOTf� + (2x–y)OH� + nH2O ¼ ZnxOTfy(OH)2x–y$nH2O).
Furthermore, the hydrophilicity of different electrolytes with
respect to the Zn electrode was probed by contact angle
measurements at ambient temperature (Fig. S18, ESI‡). The
initial contact angle of the W4D1 electrolyte on Zn foil is 58.7�,
which drops to 36.2� aer 1 min. Much higher contact angles
are observed in 2 m W (initial 96.8� and 80.8� aer 1 min). In
addition, the contact angle of W4D1 on the cycled Zn is further
decreased to 24.1� (Fig. S19, ESI‡). The enhanced hydrophilicity
would reduce the interfacial free energy between Zn and the
electrolyte, favoring the homogeneous Zn2+ plating/stripping
process.30,38
Formation and composition of the SEI layer on the Zn anode

To analyze the inuence of the Zn2+-solvation structure on the
formationmechanism and chemical composition of the SEI layer,
DFT calculations were performed by adopting a cation–solvent/
Fig. 5 SEI characterization on the Zn anode. (a) LUMO energy levels w
potential with geometric structures of the free OTf� anion, free DMC
calculations. (c) LSV profiles of W4D1 and 2mW electrolytes at 5 mV s�1. (
Ar+ sputtering times on the Zn electrode in W4D1 after 10 cycles. Schema
and (f) 2 m W electrolytes.

5848 | Chem. Sci., 2021, 12, 5843–5852
anion complex model. The energy levels of the lowest unoccu-
pied molecular orbital (LUMO) of the free DMC solvent and OTf�

anion are 0.77 and 2.42 eV, respectively. When Zn2+ is coordinated
with DMC and OTf�, their LUMO energy levels are signicantly
decreased to �2.75 and �2.79 eV, respectively (Fig. 5a). The
cation–solvent or cation–anion complexes with a lower LUMO
level indicate their easier electron reception from the anode than
the free solvent/anion.43,47,48 The predicted reduction potentials of
the free DMC solvent (�2.39 V) and free OTf� anion (�2.46 V) are
much lower than that of the Zn2+/Zn redox couple (Fig. 5b). Thus,
the reductive decomposition of free OTf� (or free DMC) can hardly
occur before Zn deposition, resulting in the absence of a protec-
tive SEI layer. With cation–solvent/anion coordination, the Zn2+–
DMC and Zn2+–OTf� complexes become reductively unstable
below 0.47 and 0.14 V (vs. Zn2+/Zn), where Zn2+ reduction will
dominate, as further supported by the Mulliken charge analysis
(Fig. S20, ESI‡). It is well known that the electron could preferably
transfer from the cation to the solvent (or anion) in the cation–
solvent (or cation–anion) unit and induce the solvent/anion
decomposition, where the SEI could be formed at the electrode
interface.37,39,48 Herein, the introduction of the DMC solvent into
the aqueous Zn(OTf)2 electrolyte leads to a signicant change of
the Zn2+ solvation environment from a typical Zn[H2O]6

2+ (in 2 m
W) to Zn2+[H2O]3.9[DMC]0.7[OTf

�]1.4 (in W4D1). Accordingly, both
coordinated DMC and OTf� participate in the formation of the
SEI on the Zn anode in W4D1.
ith corresponding LUMO isosurfaces and (b) the predicted reduction
solvent, and Zn2+–OTf� and Zn2+–DMC coordinations from DFT

d) XPS spectral regions for C 1s, F 1s, S 2p and Zn 2p with corresponding
tic illustration of the surface chemistry on the Zn electrode in (e) W4D1

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To support the above mechanism, LSV measurements were
conducted at 5 mV s�1 using a three-electrode conguration
employing Ti foil as the working electrode, and Zn foil as the
reference and counter electrodes (Fig. 5c and S21, ESI‡). The
W4D1 electrolyte exhibits two discernible reduction peaks at
�0.3 and 0 V (vs. Zn2+/Zn) prior to Zn2+ plating (around �0.14
V), corresponding to the stepwise reduction of the Zn2+–DMC
coordination and Zn2+–OTf� coordination, respectively. The
difference of the reduction potential between the modeling and
experimental data results from the overpotential in the practical
cell. Besides, the decomposition of DMC could push back the
reduction potential of OTf�. The preferential decomposition of
DMC and OTf� before Zn deposition in W4D1 would contribute
to the in situ formation of an interphase on the Zn anode. In
contrast, a much weaker current response with a broad peak at
�0.15 V in the 2 m W electrolyte indicates inefficient anion
reduction.

The surface composition of the SEI formed on Zn aer 10
cycles was analyzed by X-ray photoelectron spectroscopy (XPS,
Fig. 5d). Compared with the C 1s spectrum in the 2 m W
electrolyte (Fig. S22a, ESI‡), the signals related to organic
(ROCO2)2Zn (289.3 eV), inorganic ZnCO3 (290.2 eV), and
Fig. 6 Electrochemical performance of Zn-ion full batteries. (a) Cycling s
0.2 A g�1. (b) Selected charge/discharge profiles in W4D1. (c) Optical ima
for different periods. Storage performance comparison of Zn/V2O5 batter
of charge (SOC) at 0.2 A g�1, followed by full discharge. (f) Rate capabilit
2.0 A g�1. Typical discharge/charge profiles of the (h) Zn/W4D1/ZnHCF

© 2021 The Author(s). Published by the Royal Society of Chemistry
ethereal (C–O) species (285.8 eV) intensify strongly in W4D1,
mainly arising from the decomposition of the Zn2+–DMC
complex. The reduction product of the DMC solvent is similar
to that of DMC in a Li-based electrolyte.39 The strong signal of
C–C/C–H at the top layer mainly comes from the residual
DMC and the adventitious carbon adsorbed on the substrate
surface. Aer 25 s sputtering, the inorganic ZnCO3 content
increases largely from 4.25% to 39.7%. In the F 1s spectra,
besides the –CF3 species (688.8 eV) from either the incomplete
reduction of OTf� or the trace salt on the Zn surface, the
distinct peak of inorganic ZnF2 at 684.7 eV (ref. 3 and 37) is
clearly observed in W4D1, which results from the decompo-
sition of Zn2+–OTf� aggregates. When the top layer of the
interphase is removed under Ar+ sputtering, ZnF2 becomes
the dominant species. In sharp contrast, no apparent ZnF2
signal can be detected on the cycled Zn anode in 2 m W
(Fig. S22b, ESI‡). For the S 2p spectra, the signals of sulde
(e.g., ZnS)35,37 apparently appear as the Ar+ sputtering time
increases, further conrming the decomposition of the Zn2+–

OTf� coordination and the involvement of decomposed
species in the SEI formation. Additionally, the intensifying of
the Zn peak coincides with the evolution of C and F signals,
tability of Zn/V2O5 batteries in W4D1, W8D1, and 2 mW electrolytes at
ges of V2O5 electrodes immersed in W4D1, W8D1, and 2 mW solutions
ies in (d) W4D1 and (e) 2mW evaluated by resting for 24 h at 100% state
y. (g) Long-term cycling performance of the Zn/W4D1/V2O5 battery at
battery at 50 mA g�1 and (i) Zn/W4D1/d-MnO2 battery at 100 mA g�1.
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suggesting the enrichment of ZnCO3 and ZnF2 components in
the inner SEI layer.

Consequently, the unique Zn2+ solvation structure in the
W4D1 electrolyte enables the decomposition of Zn2+–DMC and
Zn2+–OTf� complexes and is involved in the formation of the
SEI layer containing components such as ZnCO3, ZnF2,
(ROCO2)2Zn, sulde, organic compounds and/or their deriva-
tives (Fig. 5e). The in situ generated interphase on the Zn anode
inW4D1 suppresses H2 evolution and Zn passivation and favors
uniform Zn2+ electrodeposition, thus improving the revers-
ibility and stability of the Zn electrode. In contrast, the 2 m W
electrolyte cannot provide stable interface chemistry at the Zn
electrode, leading to continuous parasitic reactions. Aer pro-
longed cycling, H2 evolution increases the local pH on Zn, thus
inducing the by-product generation of zinc triate hydroxide
hydrate (Fig. 5f and S23, ESI‡).
Electrochemical performance of Zn-ion full batteries

We then evaluated the application of this H2O + DMC electrolyte
in Zn-ion full batteries composed of a Zn foil anode and
different cathode materials (such as V2O5, zinc hex-
acyanoferrate (ZnHCF), and layered manganese dioxide (d-
MnO2)). Phase and morphology characterization studies of as-
prepared V2O5, ZnHCF, and d-MnO2 are given in Fig. S24–S26
(ESI‡), respectively. Fig. 6a compares the cycling performances
of Zn/V2O5 batteries in W4D1, W8D1, and 2 m W electrolytes at
0.2 A g�1. In W4D1, the V2O5 cathode delivers an initial
discharge capacity of 210.5 mA h g�1, which increases to
519.1 mA h g�1 with�100% CE aer 50 cycles. Impressively, the
Zn/W4D1/V2O5 system displays a reversible capacity of
512.9 mA h g�1 aer 200 cycles (over 1000 h) with a high
capacity retention of 98.8%. For comparison, the W8D1 elec-
trolyte with a smaller amount of DMC moderately improves the
stability of a Zn/V2O5 battery with 410 mA h g�1 capacity aer
100 cycles. As expected, the 2 m W cell displays a rapid capacity
decay due to the severe dissolution of active materials. Fig. 6b
shows the typical discharge/charge curves of a Zn/V2O5 battery
in the W4D1 electrolyte between 0.3 and 1.6 V. The gradual
overpotential decrease and capacity increase upon cycling
suggest an activation process of V2O5 and an increase of active
mass utilization.15,49 An average discharge voltage plateau of
0.75 V is obtained at the 50th cycle, corresponding to an energy
density of 415.2 W h kgcathode

�1 and surpassing that of Zn/V2O5

batteries in 2 m W and W8D1 electrolytes (Fig. S27 and S28,
ESI‡).

To identify the solubility of electrode materials in electro-
lytes, the static soaking experiment was conducted by loading
V2O5 electrodes in W4D1, W8D1, and 2 m W for different
periods. As shown in Fig. 6c, the W4D1 electrolyte remains
colorless and transparent aer 1080 h of electrode immersion,
whereas W8D1 and 2 mW turn light yellow aer 120 h and 24 h,
respectively. Additionally, parasitic reactions in Zn/V2O5 cells
were assessed by monitoring the open circuit voltage drop of
a cell at the fully charged state and at the discharged state aer
24 h of storage. A high CE of 97.7% is achieved in W4D1
(Fig. 6d), much higher than that in 2 m W (86.7%, Fig. 6e).
5850 | Chem. Sci., 2021, 12, 5843–5852
These comparative results indicate signicant suppression of
V2O5 dissolution in the hybrid electrolyte with an organic
solvent.

The rate capability of Zn/W4D1/V2O5 was recorded by
progressively increasing the current densities from 0.2 to
8.0 A g�1 (Fig. 6f and S29, ESI‡). The rst 40 cycles were tested at
0.2 A g�1 to activate the cell. Reversible capacities of 457, 440,
427, 404, 375, and 343 mA h g�1 are delivered at rates of 1.0, 2.0,
3.0, 4.0, 5.0, and 6.0 A g�1, respectively. A high capacity of
319 mA h g�1 is achieved at 8.0 A g�1. The average capacity
recovers to 500 mA h g�1 as the rate resumes to 0.2 A g�1.
Besides, Fig. 6g shows the long-term cycling performance of the
Zn/W4D1/V2O5 cell at 2.0 A g�1. The initial 50 cycles were tested
at 0.5 A g�1 (Fig. S30a, ESI‡). A remarkable capacity of
381.9 mA h g�1 is achieved aer 2400 cycles. The differential
capacity (dQ/dV) curves exhibit two pairs of well overlapped
broad peaks (Fig. S30b, c, ESI‡), further indicating the excellent
reversibility. Note that the Zn anode (50 mm thickness) in the
Zn/W4D1/V2O5 cell is much more excessive, which compro-
mises the whole energy density of the full cell. Thus, we
attempted to estimate the battery performance on a more
practical basis with a high-mass-loading V2O5 cathode (�11 mg
cm�2) and a thin Zn foil anode (20 mm thickness, �14.28 mg
cm�2). The assembled cell achieves a reversible capacity of
175 mA h g�1 with an energy density of 131 W h kg�1 based on
the total mass of the anode and the cathode, and the DOD of the
Zn anode reaches �37.7% (Fig. S31, ESI‡).

In addition to V2O5, full batteries pairing a Zn anode with
ZnHCF and d-MnO2 cathodes were assembled to demonstrate
the universality of W4D1 for RAZB applications. The ZnHCF-
based cell exhibits a high discharge voltage of 1.62 V and
a stable capacity of 64mA h g�1 with a 99%CE aer 200 cycles at
50 mA g�1 (Fig. 6h and S32a, ESI‡). The d-MnO2 cell delivers
a reversible capacity of 243 mA h g�1 with an average discharge
voltage of 1.35 V aer 100 cycles at 100 mA g�1 (Fig. 6i and S32b,
ESI‡). At a rate of 500 mA g�1, the capacity retention reaches
89.5% aer 500 cycles (Fig. S33, ESI‡). These results indicate the
favorable compatibility between the W4D1 electrolyte and
ZnHCF or d-MnO2 cathode materials.

Conclusions

In summary, we report a non-concentrated aqueous electrolyte
with the organic DMC additive to stabilize Zn electrochem-
istry. A Zn2+-solvation structure with the co-contribution of the
DMC solvent and OTf� anion is found in the hybrid H2O +
DMC electrolyte, as veried by structural and spectroscopic
studies and MD simulations. This unique Zn2+-solvation-
sheath allows the formation of a ZnF2–ZnCO3-rich SEI layer
on the Zn electrode induced by the decomposition of Zn2+–

DMC and Zn2+–OTf� coordinations. As a result, parasitic
reactions on the Zn anode are effectively suppressed, enabling
reversible plating/stripping of Zn with 99.8% CE at
2.5 mA h cm�2 over 600 cycles and dendrite-free cycling of the
Zn electrode over 1000 cycles. Furthermore, the formulated
electrolyte (W4D1) consisting of 2 mol kg�1 Zn(OTf)2 in 4H2O +
1DMC (molar ratio) features non-ammability and is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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applicable to support the stable operation of full batteries that
couple a Zn anode with diverse cathode materials (e.g., V2O5,
MnO2 and ZnHCF). This work provides an alternative avenue
to improve the performance of rechargeable Zn-based
batteries. The strategy of addition of organic solvents can
also inspire the design of efficient electrolytes for other
aqueous battery chemistries.
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