
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
12

:5
7:

23
 P

M
. 

 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
View Journal  | View Issue
Non-flammable,
aCollege of Chemistry & Environmental Scie

and Technology of Hebei Province, Hebei U

E-mail: ningzhang@hbu.edu.cn
bKey Laboratory of Advanced Energy Mate

College of Chemistry, Nankai University,

fycheng@nankai.edu.cn
cChina College of Physics and Optoelectr

Shenzhen 518060, P. R. China
dHaihe Laboratory of Chemical Transformat

† Electronic supplementary infor
https://doi.org/10.1039/d2sc04143j

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2022, 13, 11320

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 25th July 2022
Accepted 26th August 2022

DOI: 10.1039/d2sc04143j

rsc.li/chemical-science

11320 | Chem. Sci., 2022, 13, 11320–11
dilute, and hydrous organic
electrolytes for reversible Zn batteries†

Guoqiang Ma,‡a Licheng Miao,‡c Wentao Yuan,a Kaiyue Qiu,a Mengyu Liu,a

Xueyu Nie,a Yang Dong,b Ning Zhang *a and Fangyi Cheng *bd

Rechargeable Zn batteries hold great practicability for cost-effective sustainable energy storage but suffer

from irreversibility of the Zn anode in aqueous electrolytes due to parasitic H2 evolution, corrosion, and

dendrite growth. Herein, we report a non-flammable, dilute, and hydrous organic electrolyte by

dissolving low-cost hydrated Zn(ClO4)2$6H2O in trimethyl phosphate (TMP), which homogenizes plating/

stripping and enables in situ formation of a Zn3(PO4)2–ZnCl2-rich interphase to stabilize the Zn anode. A

dilute 0.5 m Zn(ClO4)2$6H2O/TMP electrolyte featuring a H2O-poor Zn2+-solvation sheath and low water

activity enables significantly enhanced Zn reversibility and a wider electrochemical window than the

concentrated counterpart. In this formulated electrolyte, the Zn anode exhibits a high efficiency of 99.5%

over 500 cycles, long-term cycling for 1200 h (5 mA h cm�2 at 5 mA cm�2) and stable operation at

50 �C. The results would guide the design of hydrous organic electrolytes for practical rechargeable

batteries employing metallic electrode materials.
Introduction

Rechargeable Zn batteries (RZBs) are promising candidates for
large-scale energy storage applications, beneting from the
advantages of Zn such as an abundant reservoir, low cost, and
high theoretical specic gravimetric/volumetric capacity
(820 mA h g�1 and 5855 mA h cm�3). Most RZBs employ
aqueous electrolytes that feature high safety and good envi-
ronmental compatibility.1–4 Nonetheless, in aqueous electro-
lytes, Zn metal anodes are generally plagued by severe
irreversibility caused by water-induced side reactions (e.g., H2

evolution and Zn corrosion).5–8 In non-aqueous Li batteries, the
formation of a stable solid electrolyte interphase (SEI) derived
from the decomposition of an organic solvent and/or salt anion
allows ionic transport but blocks the solvents and electrons,
which is critical for the reversible cycling of metal anodes.9–11

Unfortunately, the water decomposition along with H2 evolu-
tion in aqueous electrolytes makes it difficult to form
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a protective SEI on Zn anodes. Instead, the elevation of local pH
near the Zn surface incurs the formation of loose by-products of
hydroxides/oxides, causing low Zn plating/stripping effi-
ciency.12–15 Simultaneously, the rampant dendritic Zn growth in
aqueous electrolytes would exacerbate the parasitic reactions
and battery failure.16–18

Effective strategies to stabilize Zn anodes include designing
highly concentrated aqueous electrolytes19–23 and using
aqueous–organic hybrid electrolytes.24–29 Alternatively,
exploring organic electrolytes would offer another opportunity
to boost Zn reversibility because of the high thermodynamic
stability of Zn in organic solvents.30–33 However, nonaqueous
RZBs oen employ solvents of acetonitrile (AN),34,35 ethylene
glycol (EG),36,37 and carbonates,38,39 which are highly ammable
and pose safety hazards. Very recently, a concentrated hydrous
organic electrolyte composed of 4 mol kg�1 (m) hydrated
Zn(BF4)2 in EG has been proposed to tackle Zn dendrite growth
and water-induced parasitic reactions.36 Compared with the
aqueous counterpart, most anhydrous or hydrous organic
electrolytes have lower ionic conductivity and permit limited
current density and areal capacity (e.g., 1 mA cm�2 and
1 mA h cm�2) of Zn anodes, which remains far from the goal for
practical applications of RZBs.40 Besides, current oxide-based
cathode materials suffer from dissolution in aqueous electro-
lytes, leading to rapid performance degradation.20,41–43 It is
desirable to formulate dilute hydrous organic electrolytes with
lower viscosity, higher conductivity and suppressed metal
dissolution whilst maintaining the intrinsic safety merits of
aqueous materials. Furthermore, the development of hydrous
organic electrolytes calls for more efforts to unravel the effect of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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salts and solvents on electrolyte properties, solvation structures,
interface chemistry, and Zn reversibility.

In this study, we comparatively investigate a series of
hydrous organic electrolytes by combining four typical hydrated
Zn-salts of Zn(ClO4)2$6H2O, Zn(NO3)2$6H2O, Zn(CH3COO)2-
$2H2O (Zn(Ac)2$2H2O), and ZnSO4$7H2O and ve representative
organic solvents of EG, AN, trimethyl phosphate (TMP),
dimethyl carbonate (DMC), and 1,2-dimethoxyethane (DME).
Among them, the low-cost and re-retardant TMP solvent
endows the electrolyte with non-ammable nature, while the
cost-efficient Zn(ClO4)2$6H2O salt exhibits good solubility in
organic solvents. We demonstrate that the electrolyte structure,
Zn interface chemistry, and Zn reversibility can be tuned by
adjusting the Zn-salt concentration in TMP. Different from
previous conception, a dilute 0.5 m Zn(ClO4)2$6H2O in TMP
electrolyte is found to feature a H2O-poor Zn

2+-solvation sheath
and low water activity, thus exhibiting much higher Zn revers-
ibility and a wider electrochemical window than the concen-
trated counterpart. In addition, the TMP and ClO4

� co-
participated Zn2+ solvation shell not only guides the uniform
Zn deposition but also promotes the formation of a Zn3(PO4)2–
ZnCl2-rich interphase, signicantly stabilizing the Zn electrode.
As a result, the Zn electrode manifests long-term cyclability over
1200 h at an areal capacity of 5 mA h cm�2 and a current density
of 5 mA cm�2. Furthermore, the designed dilute Zn(ClO4)2-
$6H2O/TMP electrolyte mitigates the metal dissolution of
a vanadium oxide cathode, endowing the full Zn//Zn0.13V2O5-
$nH2O cell with remarkable cycling stability.

Results and discussion
Electrolyte formulation and characterization

To screen hydrous organic electrolytes, we have selected four
hydrated Zn-salts (Zn(ClO4)2$6H2O, Zn(NO3)2$6H2O, Zn(Ac)2-
$2H2O, and ZnSO4$7H2O) and ve organic solvents (e.g., EG,
AN, TMP, DMC, and DME) for comparison. Among them, TMP
has been employed in Li/Na/K-based batteries as a re-retardant
co-solvent.10,44,45 As shown in Fig. 1a and S1 (ESI†), Zn(ClO4)2-
$6H2O can easily dissolve in all of the tested organic solvents to
form transparent solutions. Ignition tests (Fig. 1b and S2, ESI†)
demonstrate that the TMP-based electrolyte features non-
ammable nature, whereas the other electrolytes based on
AN, EG, DME, and DMC are highly ammable. Hydrated salts of
Zn(Ac)2$2H2O and ZnSO4$7H2O are almost insoluble in TMP.
Hydrated Zn(NO3)2$6H2O is soluble in TMP, but 0.5 m
Zn(NO3)2$6H2O/TMP exhibits a weak Zn2+ plating/stripping
process mainly due to its low ionic conductivity (1.26 mS
cm�2, Fig. S3, ESI†). Thus, Zn(ClO4)2$6H2O in TMP solution has
been chosen as the electrolyte for further evaluation.

A batch of hydrous organic electrolytes were prepared by
adding 0.2, 0.5, 1, and 2 mol kg�1 Zn(ClO4)2$6H2O in TMP,
which are denoted as 0.2, 0.5, 1, and 2 m TMP, respectively. The
Zn(ClO4)2$6H2O/TMP based electrolytes exhibit low volatility
with 94% of the original weight aer exposing to the atmo-
sphere for 240 h, whereas the reference aqueous electrolyte (0.5
m Zn(ClO4)2$6H2O in H2O, denoted as 0.5 m H2O) quickly
decreases to 31% aer 120 h (Fig. 1c). The thermogravimetric
© 2022 The Author(s). Published by the Royal Society of Chemistry
analysis (TGA) curves in Fig. 1d reveal that TMP-based electro-
lytes exhibit negligible volatility up to 100 �C. In contrast, the 0.5
m H2O counterpart displays a faster weight loss of 45% on
heating to 100 �C. The high thermal stability and non-
ammability endow the TMP-based hydrous organic electro-
lyte with considerable safety.

Fig. 1e presents the ionic conductivity and viscosity of elec-
trolytes with xmZn(ClO4)2$6H2O in TMP. Increasing the Zn-salt
concentration signicantly increases the electrolyte viscosity
from 15.2 mPa s (0.5 m) to 51.8 mPa s (2 m). A relatively high
ionic conductivity of 6.13 mS cm�1 is observed in 0.5 m TMP
(Fig. S4, ESI†), higher than those of reported organic Zn-based
electrolytes. Moreover, 0.5 m TMP shows a higher Zn2+ trans-
ference number (0.49) than the aqueous counterpart (0.28)
(Fig. S5, ESI†). In addition, the dilute hydrous electrolyte
manifests enhanced hydrophilicity on Zn (Fig. S6, ESI†), which
favors reducing the interfacial free energy on the Zn–electrolyte
interface and homogenizing the Zn2+ deposition.26,28 The molar
ratio of H2O to TMP gradually increases from 0.42 in 0.5 m TMP
to 1.68 in 2 m TMP (Fig. 1f). The higher H2O content will
contribute to a H2O-rich Zn2+-solvation shell, thus inevitably
deteriorating the H2O-induced side reactions on Zn, as shown
later.

FTIR and Raman spectra are recorded to probe the structural
evolution of electrolytes as a function of the salt concentration.
As shown in Fig. 1g, the broad O–H stretching vibration (2900–
3700 cm�1) can be divided into three categories of H2O mole-
cules with different H-bonding environments: bulk H2O with
a strong H-bond (�3200 cm�1), cluster H2O with a weak H-bond
(�3450 cm�1), and isolated H2O with a non-H-bond
(�3560 cm�1).27,46 The tting results of different electrolytes
are provided in Fig. S7 (ESI†). Increasing the Zn(ClO4)2$6H2O
concentration leads to enhanced population of bulk and cluster
H2O, suggesting the formation of a highly H-bonded water
structure. Moreover, the H2O bending vibration exhibits
a redshi from 0.2 to 2 m TMP, indicating the H-bond refor-
mation between H2O molecules. The intensied strong H-bond
environment of water will increase water activity and worsen
water-induced interfacial side reactions.19,46 The signals located
at 1400–1500 cm�1 and 2800–3000 cm�1 are attributed to C–H
bending and stretching vibrations, respectively.32 From the
Raman spectra, the P]O stretching vibration of TMPmolecules
experiences a blueshi from 0.2 to 0.5 m, signifying the
strengthened Zn2+–TMP coordination (Fig. 1h).10,45 However,
further increasing the concentration from 0.5 to 2 m renders
a redshi of the P]O signal, demonstrating the replacement of
TMP in the Zn2+-solvation sheath by H2O. In addition, the signal
of the ClO4

� anion30,32,47 intensies along with a slight blueshi
as the salt concentration increases, implying the presence of
ClO4

� in the Zn2+-solvation sheath (Fig. 1i).
The effect of the Zn(ClO4)2$6H2O concentration on the

electrolyte structure was further investigated by molecular
dynamics (MD) simulations and density functional theory (DFT)
calculations. Fig. 2a–c present the MD snapshots and typical
Zn2+ solvation sheaths of 0.5 m H2O, 0.5 m TMP, and 2 m TMP,
respectively. The compositions of these electrolytes for MD
simulations are provided in Table S1 (ESI†). In 0.5 m TMP, the
Chem. Sci., 2022, 13, 11320–11329 | 11321
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Fig. 1 Electrolyte characterization. (a) Digital photos of the prepared electrolytes. (b) Ignition tests of glass fiber separators saturated with
different electrolytes composed of 0.5 m Zn(ClO4)2$6H2O in TMP, AN, and EG. (c) Volatility tests of 0.5 m H2O, 0.5 m TMP, and 2 m TMP
electrolytes at room temperature. (d) TGA curves of various electrolytes from 30 to 150 �C. (e) Ionic conductivity (IC) and viscosity of x m
Zn(ClO4)2$6H2O/TMP electrolytes (x¼ 0.2, 0.5, 1 and 2). (f) Molar ratio of H2O to TMP in different electrolytes. (g) FTIR spectra and (h and i) Raman
spectra of electrolytes. (h) and (i) show the P]O (TMP) stretching vibration and Cl–O (ClO4

�) stretching vibration, respectively.
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TMP solvent and ClO4
� anion co-participate in the Zn2+ solva-

tion sheath (Fig. 2b), which differs from that in 0.5 m H2O with
a typical Zn[H2O]6

2+ structure (Fig. 2a). In the concentrated 2 m
TMP, more H2O molecules insert into the Zn2+ solvation sheath
to replace the solvating TMP (Fig. 2c), consistent with the
aforementioned spectroscopic analyses. Radial distribution
functions (RDFs) reect the distributions of nearest-neighbor
molecules, which further identify the structure evolution of
electrolytes.27,30 The primary solvation shell of Zn2+ is around
0.4 nm in distance. In 0.5 m H2O, the average coordination
numbers of Zn2+–H2O and Zn2+–ClO4

� are 5.8 and 0.2, respec-
tively (Fig. 2d). In TMP-based electrolytes, besides the Zn2+–H2O
signal, two peaks involving Zn2+–O from Zn2+–ClO4

� and Zn2+–

TMP coordination appear at 0.33 and 0.36 nm, respectively
(Fig. 2e). Accordingly, the primary Zn2+-solvation shell in 0.5 m
TMP is occupied by 0.6H2O, 1.3 ClO4

�, and 3.8 TMP on average,
corresponding to Zn2+[H2O]0.6[ClO4

�]1.3[TMP]3.8. In contrast,
a H2O-rich Zn2+-solvation shell is detected in 2 m TMP elec-
trolyte (i.e., Zn2+[H2O]2.5[ClO4

�]2.3[TMP]1.4, Fig. 2f). Since the
solvating-H2O exhibits a higher activity of reductive decompo-
sition than the free H2O (Fig. S8, ESI†), the water-induced side
11322 | Chem. Sci., 2022, 13, 11320–11329
reactions would inevitably occur in the concentrated hydrous
organic electrolyte.

DFT calculations show that the binding energies between
two ingredients follow the order of Zn2+–ClO4

� < Zn2+–TMP <
Zn2+–H2O (Fig. 2g). Considering the small size and high
dielectric constant (3¼ 78.5 for H2O vs. 3¼ 21.6 for TMP),45 H2O
can favorably solvate with Zn2+ in the concentrated hydrous
organic electrolyte. In addition, the binding energy of TMP–H2O
is lower than that of H2O–H2O, implying feasible formation of
a H-bond between TMP and H2O. According to MD simulations,
the average H-bond number per H2O in 0.5 m H2O, 0.5 m TMP,
and 2 m TMP is around 3.38, 0.95, and 1.35, respectively
(Fig. 2h). The lower value of TMP electrolytes suggests a weak-
ened water activity. Furthermore, the lower adsorption energy of
TMP (�0.48 eV) than that of H2O (�0.38 eV) reveals that TMP
preferentially absorbs on Zn, which favors constraining random
Zn2+ deposition (Fig. 2i).

Zn surface/interface chemistry in different electrolytes

The Zn plating behavior in H2O and TMP-based electrolytes is
probed in symmetric Zn//Cu cells using optical microscopy. In
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Theoretical computations on the electrolyte structure. (a–c) Snapshots of MD simulated cells (right) and typical Zn2+-solvation structures
(left) for (a) 0.5 m H2O, (b) 0.5 m TMP, and (c) 2 m TMP. (d–f) RDF plots for Zn2+–O (H2O), Zn2+–O (TMP), and Zn2+–O (ClO4

�) pairs, and
corresponding coordination numbers in (d) 0.5 mH2O, (e) 0.5 m TMP, and (f) 2 m TMP. (g) Binding energies between any two ingredients in TMP-
based electrolytes. (h) The H-bond number per H2O. (i) Adsorption energies of H2O and TMP molecules on the Zn surface.
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0.5 m H2O, non-uniform Zn plating sites emerge aer 20 min,
and they gradually grow into dendritic Zn protrusions aer
40 min at 10 mA cm�2 (Fig. 3a). In stark contrast, the 0.5 m TMP
electrolyte enables a uniform and compact Zn plating (Fig. 3b).
The chemical stability of Zn in electrolytes is compared by
immersing Zn foil in H2O and TMP-based electrolytes (Fig. 3c–f
and S9, ESI†). Massive ake-like and spherical by-products are
observed on the Zn surface aer soaking for 3 days in 0.5 mH2O
(Fig. 3c). In addition, the XRD signals of ZnO and Zn4ClO4(OH)7
are detected on Zn aer soaking in the aqueous electrolyte
(Fig. 3f). By contrast, the Zn foil aer soaking in 0.5 m TMP
maintains a compact and smooth surface without any
discernible by-product (Fig. 3d and f), identifying the effective
suppression of water-induced side reactions on Zn by using the
dilute hydrous TMP electrolyte. However, a small amount of
Zn4ClO4(OH)7 with slight corrosion is observed aer soaking Zn
in the concentrated 2 m TMP (Fig. 3e and f). The by-product
formation and Zn corrosion are mainly induced by the H2

evolution reaction (2H2O + 2e� / H2 + 2OH�; Zn / Zn2+ +
2e�), which increases the local pH near Zn and thus triggers the
precipitation reaction of OH� with Zn2+, ClO4

�, and H2O (e.g.,
Zn2+ + 2OH� / ZnO + H2O; 4Zn

2+ + 7OH� + 4ClO4
� / Zn4-

ClO4(OH)7).20,27,30 The different by-products in H2O-based and
TMP-based electrolytes may be due to the difference in the Zn2+
© 2022 The Author(s). Published by the Royal Society of Chemistry
solvation shell, where a ClO4
�-rich Zn2+ solvation shell in 2 m

TMP would favor forming the Zn4ClO4(OH)7 by-product.
The surface and interphase chemistry on the cycled Zn

electrode in 0.5 m TMP were analyzed using X-ray photoelectron
spectroscopy (XPS) with Ar+ sputtering (Fig. 3g). The cycled Zn
was harvested from a Zn//Zn cell aer 10 cycles at 1 mA cm�2.
On the top surface (before sputtering), there are strong C signals
involving organic components (C–C/C–H and C–O) and organic
RPO3

� (R represents alkyl) species, which is ascribed to the
incomplete reduction products of the organic TMP solvent.48,49

Moreover, the interphase contains the ClO4
� component, which

arises from the incomplete reduction of ClO4
� or a trace salt

residue on Zn. With the Ar+ sputtering, the signal of the organic
species is apparently decreased, whereas inorganic components
of Zn3(PO4)2 (134 eV)48,49 and ZnCl2 (200 eV)20 signicantly
intensify, conrming the decomposition of Zn2+–TMP and
Zn2+–ClO4

� complexes. Aer 60 s etching, the Zn3(PO4)2 content
increases from 29.9% to 65.8%, and the ZnCl2 content increases
from 4.5% to 49.7%, indicating the enrichment of inorganic
species in the inner SEI layer. Zn3(PO4)2 and ZnCl2 have been
identied as the primary rigid-frame materials in the SEI,
wherein they can homogenize Zn2+ diffusion and suppress Zn
corrosion.12,20,49 Note that ZnCl2 is almost insoluble in the 0.5 m
TMP electrolyte (Fig. S10, ESI†).
Chem. Sci., 2022, 13, 11320–11329 | 11323
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Fig. 3 Investigations on Zn surface/interface chemistry. (a and b) In situ optical microscope images of Zn electro-plating in (a) 0.5 m H2O and (b)
0.5 m TMP. Scale bar 100 mm. (c–e) SEM images of Zn electrodes after soaking in (c) 0.5 mH2O, (d) 0.5 m TMP, and (e) 2 m TMP for 3 days. (f) XRD
patterns of Zn electrodes after soaking in different electrolytes. (g) XPS spectra of C 1s, P 2p, and Cl 2p regions of the cycled Zn electrode in 0.5 m
TMP. (h) LUMO energy levels with corresponding isosurfaces of free ClO4

�, free TMP, Zn2+–ClO4
� and Zn2+–TMP coordination. (i) Schematic

illustration of the interphase on Zn in 0.5 m TMP.
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DFT calculations further reveal that the lowest unoccupied
molecular orbital (LUMO) energies of Zn2+–TMP and Zn2+–

ClO4
� coordinations are lower than those of free TMP and

ClO4
� (Fig. 3h), demonstrating the preferred electron reception

of Zn2+–TMP and Zn2+–ClO4
� from the anode. The electron

feasibly transfers from the cation to the solvent/anion via the
cation–solvent/anion unit, rendering the reductive decomposi-
tion of the solvent/anion and the presence of decomposed
species in the SEI.27 Thus, the unique Zn2+ solvation sheath with
the co-participation of TMP and ClO4

� contributes to SEI
formation on Zn. As illustrated in Fig. 3i, the in situ generated
SEI, which is mainly composed of an organic-rich outer layer
and a Zn3(PO4)2–ZnCl2 rich inner layer, can suppress the
continuous parasitic reactions to stabilize the Zn electrode.
Electrochemical reversibility of Zn electrodes in different
electrolytes

Fig. 4a compares the cyclic voltammograms (CVs) of Zn//Ti cells
with different electrolytes from �0.3 to 3.0 V at 1 mV s�1. The
11324 | Chem. Sci., 2022, 13, 11320–11329
redox couple located between �0.3 and 0.3 V is associated with
the Zn2+ stripping/plating process. The 0.5 m H2O electrolyte
exhibits a higher current response of Zn2+ stripping/plating
because of high ionic conductivity but shows a rapid current
decrease in the following cycles due to H2O-induced side reac-
tions. Additionally, the severe O2 evolution appears at 2.5 V. In
sharp contrast, the 0.5 m TMP electrolyte manifests a stable
Zn2+ stripping/plating and achieves high anodic stability up to
3.0 V with negligible O2 evolution. In comparison, a slight
decrease of current involving the Zn plating/stripping is
observed in 2 m TMP aer the rst cycle, demonstrating
reduced reversibility. An apparent O2 evolution is detected at
2.75 V, suggesting high H2O activity in the concentrated
electrolyte.

The coulombic efficiency (CE) of Zn2+ stripping/plating in
different electrolytes was quantied using a ‘reservoir half-cell’
protocol.9 As shown in Fig. 4b, the Zn//Cu cells were rst sub-
jected to two cycles of charge/discharge at 1 mA cm�2 with an
areal capacity of 1 mA h cm�2 and a cut-off voltage of 0.5 V to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical reversibility of the Zn electrode. (a) CV profiles of Zn//Ti cells in different electrolytes from �0.3 to 3.0 V at 1 mV s�1. (b)
Voltage profiles of Zn//Cu cells in different electrolytes using a ‘reservoir half-cell’ method. (c) Zn plating/stripping CE of Zn//Cu cells with
electrolytes of 0.5 m H2O, 0.5 m TMP, and 2 m TMP at 2 mA cm�2 and 2 mA h cm�2. The inset magnifies the profile within 480–500 cycles.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
12

:5
7:

23
 P

M
. 

 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
mitigate the substrate effects. Aerwards, 1 mA h cm�2 Zn (QP)
was electro-plated on the Cu substrate as a Zn reservoir, which
was then cycled at a xed plating capacity of 0.2 mA h cm�2 (QC).
Aer n cycles (e.g., 20), this cell was fully charged to 0.5 V to strip
all removable Zn (QS). According to the equation shown in
Fig. 4B, 0.5 m TMP enables a much higher average CE of 99.5%
than 0.5 m H2O (89.4%), 1 m TMP (98.6%, Fig. S11, ESI†), and 2
m TMP (95.2%). Although 0.2 m TMP exhibits a respectable
average CE of 99.4%, it shows a higher voltage polarization than
that of 0.5 m TMP (Fig. S12, ESI†). Taking into consideration the
comprehensive factors of ionic conductivity, viscosity, revers-
ibility, the electrochemical window and cost, the dilute 0.5 m
TMP is selected as the optimized electrolyte.

Besides, the dilute electrolyte can well support the stable
cycling of the asymmetric Zn//Cu cell at 2 mA cm�2 with
2 mA h cm�2 (Fig. 4c and S13, ESI†). Impressively, the cell with
© 2022 The Author(s). Published by the Royal Society of Chemistry
0.5 m TMP electrolyte shows a much higher initial CE of 95.9%,
signicantly outperforming those with 0.5 mH2O (80.2%) and 2
m TMP (83.6%). Additionally, the CE in 0.5 m TMP stabilizes at
an average value of 99.5% over 500 cycles. In contrast, the cell
using 0.5 m H2O displays unstable cycling with uctuated CE
values due to severe H2O-induced side reactions. The 2 m TMP
moderately improves the reversibility but displays a short life-
span of 80 cycles with a lower CE below 97%. In comparison
with reported Zn-based electrolytes (Table S2, ESI†), the as-
designed 0.5 m TMP manifests superior performance in terms
of initial and stable CEs.

The electrochemical stability of Zn electrodes in different
electrolytes was further evaluated using symmetric Zn//Zn cells.
As shown in Fig. 5a and b, the cell in 0.5 m TMP can be stably
cycled over 3200 h at a current density of 1 mA cm�2 and an
areal capacity of 1 mA h cm�2. For comparison, the aqueous
Chem. Sci., 2022, 13, 11320–11329 | 11325
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Fig. 5 Electrochemical and morphological characterization of Zn electrodes. (a–d) Galvanostatic room-temperature cycling performance of
Zn//Zn cells with different electrolytes at (a and b) 1 mA cm�2; 1 mA h cm�2 and (c and d) 5mA cm�2; 5 mA h cm�2. (e and f) Cycling performance
of Zn//Zn cells at 5 mA cm�2 and 5mA h cm�2 at 50 �C. (g–j) SEM images of cycled Zn in (g and h) 0.5 mH2O and (i and j) 0.5 m TMP electrolytes.
(k) Comparison of this work with reported electrolytes for RZBs in terms of performance metrics such as cumulative capacity, areal capacity, and
current density.
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electrolyte gives rise to a short-circuit cell failure aer 610 h,
which is mainly caused by the dendrite growth and water-
induced parasitic reactions on Zn. The concentrated 2 m TMP
results in a shorter lifespan of 1750 h than that of the dilute one
(Fig. S14, ESI†). Even at 5.0 mA h cm�2 and 5.0mA cm�2, the cell
with 0.5 m TMP manifests cycling stability over 1200 h with
steady voltage curves (Fig. S15, ESI†) and signicantly outper-
forms the 0.5 m H2O cell experiencing failure aer only 30 h
(Fig. 5c and d). At 5 mA cm�2, note that concentrated 2 m TMP
incurs a large voltage polarization because of high electrolyte
viscosity, while too diluted 0.2 m TMP cannot support stable
cycling of Zn due to low conductivity (Fig. S16, ESI†). In addi-
tion, the Zn//Zn cell in 0.5 m TMP achieves a good rate perfor-
mance even at a high current of 10 mA cm�2 (Fig. S17, ESI†).
Furthermore, the formulated 0.5 m TMP endows the Zn//Zn cell
with much improved high-temperature adaptability (50 �C) as
11326 | Chem. Sci., 2022, 13, 11320–11329
compared to the counterparts 0.5 m H2O and 2 m TMP (Fig. 5e
and f).

The cycled Zn electrodes were characterized by SEM and XRD
to further assess the effect of dilute hydrous organic electrolyte
on Zn stabilization. As shown in Fig. 5g and h, the Zn electrode
dismantled from Zn//Zn cells aer 100 cycles at 1 mA cm�2 in
0.5 m H2O presents a rough surface. In contrast, a compact and
horizontal Zn surface is observed in 0.5 m TMP (Fig. 5i and j),
while corrosion can be observed in 2 m TMP (Fig. S18, ESI†).
Phase analysis further reveals indiscernible formation of a by-
product in 0.5 m TMP but clear generation of ZnO in 0.5 m
H2O and Zn4ClO4(OH)7 in 2 m TMP (Fig. S19, ESI†). Further-
more, the cycled Zn electrode in 0.5 m TMP exhibits a higher
intensity ratio of Zn(002) to Zn(100) than that in the aqueous
counterpart (6.28 vs. 4.93), contributing to the dendrite-free
behavior in 0.5 m TMP. In addition, the formulated 0.5 m
© 2022 The Author(s). Published by the Royal Society of Chemistry
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TMP in this study compares favorably with recently reported
electrolytes for Zn-based battery chemistries such as concen-
trated hydrous organic electrolytes,36 anhydrous organic elec-
trolytes,33,35,37 deep eutectic electrolytes,11,30,31,50 hybrid aqueous/
organic electrolytes,25,27,29 and concentrated dual salt electro-
lytes19–21 (Fig. 5k). The dilute 0.5 m Zn(ClO4)2$6H2O/TMP elec-
trolyte delivers an impressive cumulative capacity at a high rate
(i.e., 6000 mA h cm�2 at 5 mA cm�2), standing out from the
state-of-the-art Zn-based electrolytes.
Electrochemical performance of full Zn batteries

In addition to boosting Zn reversibility, the designed dilute
hydrous organic electrolyte with low water activity can also
improve the stability of vanadium oxide-based cathodes by
suppressing the dissolution in aqueous media. Taking
a conventional V-based cathode of Zn0.13V2O5$nH2O as an
example (denoted as ZVO, Fig. S20, ESI†), we compare its cycling
performances and voltage proles in different electrolytes at
0.2 A g�1 (Fig. 6a–c). The Zn//0.5 m TMP//ZVO full cell exhibits
an initial capacity increase, which is mainly ascribed to the
activation process as conrmed by the decreased charge-
Fig. 6 Electrochemical performance of full Zn batteries. (a) Cycling perfo
mH2O and (c) 0.5 m TMP. (d) Rate capability. (e) Comparison of storage pe
and 0.5 m TMP for different times. (g) Extended cycling behavior of the 0

© 2022 The Author(s). Published by the Royal Society of Chemistry
transfer resistance during cycling (Fig. S21, ESI†). Aer 50
cycles, it achieves a stable capacity of 299.5 mA h g�1, indicating
favorable compatibility between the 0.5 m TMP electrolyte and
ZVO cathode. In contrast, the ZVO cathode in 0.5 m H2O
experiences a rapid capacity decay during cycling and delivers
a low capacity of 155.5 mA h g�1 with 45.3% capacity retention
aer 100 cycles (Fig. 6c). This poor cyclability can be attributed
to the dissolution of vanadium from the cathode and the
interfacial side reactions on Zn. In addition, the 0.5 m TMP
electrolyte enables considerable rate stability with average
reversible capacities of 262.4, 218.7, and 155.9 mA h g�1 at 0.5,
1, and 2 A g�1, respectively, exceeding those of the 0.5 m H2O
counterpart (Fig. 6d and S22, ESI†). Remarkably, the average
capacity in 0.5 m TMP can recover to 295.4 mA h g�1 (in the
150th cycle) as the current returns to 0.2 A g�1, again out-
performing that in 0.5 m H2O.

The advantage of the TMP-based electrolyte was also
assessed by monitoring the open-circuit voltage evolution of
a fully charged cell, which was subsequently discharged aer
24 h of rest and tested by conducting the process twice (Fig. 6e).
Considerable CE values of 98.1% and 99.1% are achieved in 0.5
m TMP for the rst and second process, respectively, much
rmances at 0.2 A g�1 and the corresponding voltage profiles for (b) 0.5
rformance. (f) Optical images of the ZVO cathode soaked in 0.5mH2O

.5 m TMP-based cell at 1 A g�1. (h) Cycling stability at 0.5 A g�1 at 50 �C.
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higher than those in 0.5 m H2O (79.6% and 77.9%). Moreover,
the cell using 0.5 m TMP exhibits a smaller voltage drop (�0.18
V) aer 24 h storage than that with 0.5 m H2O (�0.47 V). To
intuitively identify the dissolution of the active material in
electrolytes, static soaking of ZVO cathodes was performed in
different media (Fig. 6f). The 0.5 m TMP electrolyte remains
colorless and transparent even aer 7 days, whereas 0.5 m H2O
turns light yellow aer only 1 day. The signicant suppression
of ZVO dissolution contributes to the stable cycling of a full
battery. In addition, the ZVO cathode with 0.5 m TMP achieves
a reversible capacity of 223.9 mA h g�1 aer 400 cycles and
sustains a remarkable capacity retention of 82% with a nearly
100% CE aer 1000 cycles at 1 A g�1 (Fig. 6g and S23, ESI†).
Impressively, the 0.5 m TMP endows the cell with cycling
stability at 0.5 A g�1 at a high operating temperature of 50 �C, in
contrast to fast capacity decay in the aqueous cell (Fig. 6h and
S24, ESI†). To further evaluate the potential for practical
applications, we design the full battery coupling an ultrathin Zn
anode (20 mm; 11.7 mA h cm�2) with a high mass loading VOH
cathode (18.4 mg cm�2, Fig. S25, ESI†). This Zn//ZVO full battery
manifests good cycling stability and delivers a reversible
capacity of 5.22 mA h cm�2 (the 50th cycle), corresponding to
a negative-to-positive capacity (N/P) ratio of 2.24.
Conclusions

In summary, we report a non-ammable, dilute, and hydrous
organic electrolyte composed of hydrated Zn(ClO4)2$6H2O salt
and re-retardant TMP solvent for rechargeable Zn batteries.
This electrolyte circumvents the issues of Zn electrodes such as
H2 evolution, Zn corrosion, and dendrite formation in common
aqueous electrolytes. The electrolyte structure, Zn interface
chemistry, and Zn reversibility can be regulated by adjusting the
Zn-salt concentration in TMP. The dilute 0.5 m TMP electrolyte is
found to feature a H2O-poor Zn

2+-solvation sheath and low water
activity and exhibits a wider electrochemical window and amuch
higher Zn reversibility than the concentrated counterpart. Addi-
tionally, the unique Zn2+ solvation shell with the involvement of
TMP and ClO4

� not only enables a uniform Zn plating but also
promotes the in situ formation of the Zn3(PO4)2–ZnCl2-rich
interphase layer, contributing to a compact, dendrite-free, and
corrosion-free Zn electrode. The formulated 0.5 m TMP allows
a high Zn plating/stripping CE of 99.5% over 500 cycles in the
Zn//Cu cell (2 mA h cm�2 at 2 mA cm�2) and sustains extended
durability over 1200 h in the Zn//Zn cell (5 mA h cm�2 at 5 mA
cm�2). Additionally, the 0.5 m TMP electrolyte suppresses the
dissolution of the vanadium oxide cathode and enables a stable
operation at high temperature (50 �C). This work broadens the
horizon of dilute and non-ammable electrolytes to stabilize Zn
electrodes and would guide the design of hydrous organic elec-
trolytes for metallic batteries.
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