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Aqueous zinc-based energy storage (ZES) devices are promising candidates for portable and grid-scale
applications owing to their intrinsically high safety, low cost, and high theoretical energy density.
However, the conventional agueous electrolytes are not capable of working at low temperature. Here
we report a frigostable, cost-effective, safe and eco-friendly hybrid electrolyte with high zinc-ion
conductivity (6.9 mS cm™! at —40 °C), and high reversibility of Zn plating/stripping, which consists of
water, ethylene glycol (EG) and zinc sulfate salt (ZnSO,). Experiments together with theoretical
calculations demonstrated that the unique solvation interaction of Zn®* with EG can effectively enhance
the hydrogen bonding between EG and H,O and weaken the solvation interaction of Zn?* with H,O,
thus providing the hybrid electrolyte with a lower freezing point and reversible Zn/Zn?* chemistry. As a
proof-of-concept, both Zn-ion hybrid supercapacitors (ZHSCs) and Zn-ion batteries (ZIBs) with the
hybrid electrolytes delivered high energy densities (36 W h kg™ for the ZHSC and 121 W h kg™ for the
ZIB), high power densities (3.1 kW kg™ for the ZHSC and 1.7 kW kg™ for the ZIB) and long-cycle life
(5500 cycles over 110 days for the ZHSC and 250 cycles for the ZIB) at —20 °C. This work provides a
new option for low-temperature energy storage devices.
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Broader context

The widespread deployment of portable electronics, electric vehicles and renewable energy calls for high-performance energy storage devices. Aqueous zinc-
based chemistry has received considerable interest for energy storage systems since the zinc anode features intrinsically high safety, low cost, and
environmental friendliness. The main challenges in aqueous zinc-based energy storage (ZES) come from the sharply dropping ion transport at low
temperatures and complex parasitic reactions related to zinc corrosion, passivation, and byproducts. In this work, we present a frigostable, cost-effective,
safe and eco-friendly hybrid electrolyte consisting of water, ethylene glycol (EG) and zinc sulfate salt (ZnSO,). A unique solvation interaction of Zn** with EG in
this electrolyte can effectively enhance the hydrogen bonding between EG and H,O and weaken the solvation interaction of Zn>* with H,0, thus providing the
hybrid electrolyte with a lower freezing point and reversible Zn/Zn>" chemistry at low temperature. As a result, the hybrid electrolytes enabled Zn-ion hybrid
supercapacitors (ZHSCs) and Zn-ion batteries (ZIBs) with high power densities and long-cycle life at low temperature (up to —40 °C) to be demonstrated.
This work offers great insight to design electrolytes for low-temperature energy storage devices.

Introduction

Nowadays, the development of portable electronics, electric
vehicles and renewable energy has stimulated enormous demand
for high-performance energy storage devices. Lithium-ion bat-
teries (LIBs) have the advantages of high specific energy density
and energy efficiency;"> however, there are still growing concerns
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over their safety,® resource limitation,™ and cost, mainly stem-
ming from organic electrolytes and active materials.*” Zinc-based
energy storage (ZES) systems exhibit competitiveness and promise
for energy storage as the zinc (Zn) anode features high theoretical
capacity density (820 mA h g~ '), low redox potential (—0.76 V vs.
standard hydrogen electrode), and abundant reserves.®° Besides,
zinc-based chemistry has high compatibility with aqueous
electrolytes, further endowing the system with low cost, high
safety, and environmental friendliness."* ™

In typical aqueous ZES, the electrolyte plays a vital role in
determining the electrochemical performance since it is related
to the reaction mechanism, reversibility of the zinc plating/
stripping process and ionic conductivity."*** A common challenge
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in aqueous electrolytes of ZES comes from their notable changes
in properties at low temperature, such as phase transitions, the
solvation state of ions and the viscosity, which significantly
decrease their electrochemical performance.’*? To address this
problem, several strategies have been proposed. For instance,
organic solvents such as acetonitrile (AN) and dimethyl sulfoxide
(DMSO) were reported®®>° as co-solvents to improve the properties
of the electrolytes and further expand their applicable temperature
range. In addition, some research efforts including highly-
concentrated electrolyte**?® and hydrogel electrolyte®>* have
attempted to improve their low-temperature performance from
the perspective of lowering the freezing point (FP) of the electro-
lytes. Nevertheless, these viscous electrolytes inevitably induce
inferior power density. Most importantly, taking the Zn-ion solva-
tion state into account is very necessary in the design of low-
temperature electrolytes; however, it has been rarely researched.
Ethylene glycol (EG) has been widely used as antifreeze in
engine coolant owing to its high boiling point and relatively low
FP.>*73% Also, EG has the characteristics of high flash point,
high dielectric constant, excellent solubility in water, low cost,
low volatility and fewer safety hazards as well, which render it
promising as an additive in aqueous electrolytes (Table S1,
ESIT). Herein, we propose a series of hybrid electrolytes with
tunable FPs for low-temperature ZES. The electrolytes consist of
EG, water and zinc sulfate salt (ZnSO,) (Scheme 1a). Thanks to
the unique solvation interaction of EG with Zn**, the hydrogen
bonding (HB) between EG and H,O is enhanced and thereby
the HB between H,O and H,O is greatly broken, thus providing
the hybrid electrolyte with a lowered freezing point and high
ionic conductivity even at —40 °C. Moreover, the FPs of the
hybrid electrolytes can be well controlled by adjusting the
EG-to-water ratio, which can meet different climates in various
regions of China (Scheme 1b). In addition, the solvation
interaction of Zn** with H,0 is partly reduced by the introduc-
tion of EG. This contributes to fewer side reactions like the
hydrogen evolution reaction (HER) on the Zn anode. Interest-
ingly, both a highly reversible zinc plating/stripping process at
—20 °C and more uniform zinc deposition are achieved with
these hybrid electrolytes as well. Encouraged by these advan-
tages, the versatility of the hybrid electrolytes is verified by
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Scheme 1 (a) Schematic illustration of the ZES with hybrid electrolytes at
low temperatures. (b) The distribution of the average lowest temperature
of each province in China. The matched hybrid electrolyte has been
marked in the position of the provincial capital. (Note: the weather data
is the average value of the provincial capital over the past three years,
which is taken from the China meteorological administration and the
temperature distribution is plotted using Excel.)
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using zinc-ion hybrid supercapacitors (ZHSCs, surface adsorption/
desorption reaction) and zinc-ion batteries (ZIBs, intercalation/
deintercalation reaction), which demonstrate high capacity
density, high power density and high cycling stability in a wide
temperature range.

Results and discussion

Characterization of the hybrid electrolytes

To investigate the effect of EG on the FP of the hybrid electrolyte, a
series of hybrid electrolytes with 2 M ZnSO,, where the EG-to-
water volume ratio was raised from 0% to 5%, 20%, 40%, 60%,
and 100%, were prepared. The corresponding electrolytes were
marked as EG0, EG5, EG20, EG40, EG60, and EG100, respectively.
As displayed in Fig. 1a, EGO starts to freeze at —8 °C, which is
lower than the FP of water, which can be ascribed to the zinc salts
in the aqueous solution. The FP of pure EG is measured to be
—13 °C, agreeing well with the reported data.?” Notably, as the EG
content increases, the FPs of EG5, EG20, EG40, and EG60 decrease
to —11 °C, —18 °C, —29 °C, and —33 °C, respectively. The snap-
shots of the series of hybrid electrolytes at —20 °C indicate a better
anti-freezing behavior compared with “water-in-salt” electrolytes
(Fig. S1, ESIt). Their ionic conductivities at various temperatures
were studied by using electrochemical impedance spectroscopy
(EIS) (Fig. 1b and Fig. S2, ESIt) and the values of resistances
obtained from the EIS curves are displayed in Table S2 (ESIt). The
increase in EG content, however, leads to a slight drop in the ionic
conductivity of the hybrid electrolytes, which is probably ascribed
to the gradually increasing viscosity (Fig. S3, ESIT). All ionic
conductivities show a similar downward trend as the temperature
decreases from 20 °C to 0 °C. However, when the temperature is
below 0 °C, all the added-EG electrolytes display much higher
ionic conductivities than that of EGO. In particular, EG60 retains a
high ionic conductivity of 6.90 mS cm™ " even at a temperature as
low as —40 °C, whereas the ionic conductivity of EGO dramatically
drops to 1.04 mS cm ™" (—40 °C). As expected, the hybrid electro-
Iytes display superior ionic conductivities over reported low-
temperature electrolytes®>**>***! (Fig. 1c). More importantly,
this series of hybrid electrolytes with tunable FPs provides a good
balance between performance and cost, which enables promising
application in various regions. In addition, the stable electro-
chemical window of the hybrid electrolyte was investigated by
linear sweep voltammetry (LSV) using glassy carbon as a working
electrode (Fig. S4, ESIt). A similar onset potential of the oxygen
evolution reaction (OER) at 2.8 V (vs. Zn/Zn*") on the glassy carbon
electrode is observed for all of the hybrid electrolytes. Notably, the
subsequent OER currents of the hybrid electrolytes are greatly
reduced as the EG-to-water ratio exceeds 20%, suggesting that EG
can decrease the total amount of OER to some extent. Besides, the
balanced EG-water proportion can not only decrease the volatility
of the hybrid electrolyte effectively (Fig. S5, ESIT), but also provide
a non-flammable hybrid electrolyte (Fig. S6, ESIt), further proving
the practicability of this aqueous hybrid electrolyte.

To explore how EG impacts the hybrid electrolytes, we
performed Fourier Transform Infrared spectroscopy (FTIR),

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Characterization of the hybrid electrolytes. (a) The FP data obtained from the differential scanning calorimetry (DSC) curves. (b) lonic
conductivities of the hybrid electrolytes at different temperatures. (c) Comparison of the hybrid electrolytes with various other low-temperature
electrolytes. (d) FTIR spectrum of the hybrid electrolytes in transmission mode via CaF, cells. () Raman spectra of a series of hybrid electrolytes.
(f) *H NMR spectrum of different electrolytes at 25 °C. Note: the constant little peak at 4.8 ppm is the residual signal of H,O in D,O. The 'H resonance
from OH of EG disappeared after mixing with H,O due to hydrogen exchange.*® (g) *H NMR spectrum from H,O for EG-water hybrid solvents (SEGx,
without ZnSO,) and added-EG hybrid electrolytes (EGx, with ZnSQO,). (h) *H NMR spectrum from H,O for SEG40 and EG40 at various temperatures.
(i) Schematic illustration of a possible mechanism of how the Zn?>*—EG solvation interaction impacts the chemistry of the hybrid electrolyte.

Raman spectroscopy, and Nuclear Magnetic Resonance (NMR).
The spectral investigation results are displayed in Fig. 1d-h.
The FTIR spectrum indicates an unignorable red shift in the
OH stretching vibration at 3000-3500 cm™ " and a slight blue
shift in the bending vibration of H,O at 1600-1700 cm ™" as the
EG content increases, implying HB between EG and H,0*""*?
(Fig. 1d). Also, the OH stretching (3200-3400 cm ™) of H,O in
the Raman spectra shifts to lower wavenumbers with increasing
EG content, verifying the HB of EG-H,O (Fig. 1e). Besides, there
is the opposite shift for COH bending (1460-1465 cm™ ", blue
shift) and symmetric CH stretching (2890-2900 cm ™, red shift)
as the EG content rises. Taken together, these spectral results
indicate the lower electron density of OH in H,O and higher
electron density of COH in EG, further revealing the HB
interaction of EG-H,O between the H atoms in H,O and the

This journal is © The Royal Society of Chemistry 2020

O atoms in EG. Fig. 1f-h show the 'H NMR spectra of the hybrid
electrolytes. The 'H peak of pure water is at 4.8 ppm™® (Fig. 1f)
and it shifts to lower field with a larger ¢ value after dissolving
2 M ZnSO, into aqueous solution (EGO). Similarly, the 'H
resonances from OH and CH, of pure EG are at 5.4 ppm and
3.7 ppm,*® respectively; however, after dissolving 2 M ZnSO,
into EG solution (EG100), the two peaks move oppositely to
5.6 ppm and 3.5 ppm. These results indicate that the electron
density of "H from H,O or from OH of EG greatly decreases
after dissolving ZnSO,,** which convincingly proves the solva-
tion interaction of Zn** with the O atom in both H,O and EG
molecules. This is verified by the converse shift of "H from CH,
in the EG molecule. Moreover, the chemical shift of "H from
H,0 in the hybrid electrolytes continually moves to lower field
as the EG content increases and finally reaches 5.1 ppm in
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EG60. It is very necessary to clarify which interaction related to
EG plays a dominant role during the above movement since EG
has interactions with both H,O and Zn**. Therefore, another
group of EG-water hybrid solvents without ZnSO, (denoted
as SEG) was further studied with '"H NMR spectroscopy for
comparison (Fig. 1g). Interestingly, with the increase of the EG
content for SEGx (x = 0, 5, 20, 40, 60), there is a slight chemical
shift (Agy = 0.07 ppm) of 'H from H,0 corresponding to the HB
of EG-H,0. By contrast, as the EG content rises in EGx, the
chemical shift (Ag, = 0.19 ppm) of "H from H,0 is much larger
than Aoy, indicating stronger HB of EG-H,O0 in the presence of
ZnSO,. Because the chemical shift of "H from H,O is only
associated with the variable EG content, thus the intensified
HB of EG-H,0 is ascribed to the solvation interaction of EG
with Zn**. These results prove that the solvation interaction of
EG with Zn*' can significantly enhance the HB of EG-H,0,
thus enlarging the chemical shift of 'H from H,O (Fig. 1i).
More importantly, the "H NMR spectra of SEG40 and EG40
(as examples) at variable temperatures were detected to inves-
tigate how the solvation interaction of EG with Zn>" impacts the
HB of EG-H,O at low temperatures (Fig. 1h). As the tempera-
ture falls, the peak of H,O in SEG40 moves to lower field and
the chemical shift difference (As;) between —20 °C and 20 °C is
0.55 ppm. This phenomenon is ascribed to the ordered arrange-
ment of solvent molecules and the strengthened HB network
among solvent molecules (such as EG-H,0 and H,0-H,0).*®
Meanwhile, the 'H resonance from OH of EG appears at
5.8 ppm in SEG40 when the temperature is below 0 °C,
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implying that the hydrogen exchange interaction between
H,0 and EG (that is the HB of EG-H,0) weakens as the
temperature decreases. This reveals that the intensified HB
network for SEG40 at low temperatures mainly derives from the
strengthened HB of H,0-H,O rather than EG-H,0, which is
exactly how water freezes.*® In contrast, no OH 'H resonance
signal of EG is observed in EG40 at low temperatures. This
implies that the HB of EG-H,O remains unchanged at low
temperatures, which is enabled by the solvation interaction
of EG with Zn*" as discussed earlier (Fig. 1g). Besides, Ac,
(~0.4 ppm) of the "H chemical shift in EG40 is smaller than
that of SEG40, thus illustrating that the total HB network in
EG40 is less than that of SEG40. Hence, the HB of H,0-H,O
at low temperatures is easily broken by the stronger HB of
EG-H,O0, significantly lowering the FP of EG40 and thereby
improving its ionic conductivity at low temperatures (Fig. 1i).
To further investigate the solvation structure of the hybrid
electrolytes, molecular dynamics (MD) simulations and density
functional theory (DFT) calculations were performed. The
statistical solvation structure of the EGO and added-EG electro-
Iytes was analyzed by using MD simulations (Table S3, ESIT).
The corresponding radial distribution functions (RDFs) and
coordination number (CN) distribution functions were then
calculated (Fig. S7-S12, ESIf). The snapshots of the simulated
electrolyte structure (Fig. 2a and b) reveal that the ionic
solvation cluster of Zn*" coordinated with SO,>~, H,O, and
EG exists in the added-EG electrolytes. The CN analysis of H,O,
EG, and SO,>~ around Zn>" in the series of hybrid electrolytes is
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Fig. 2 Optimized structure of the hybrid electrolytes from MD simulations and DFT calculations. Snapshots of (a) EGO and (b) EG40 during MD

simulations. (c) Coordination numbers of H,O, EG, and SO4%~ around Zn®*

and the diffusion coefficient of Zn?* in different electrolytes calculated from

MD simulations. (d) Relative binding energy for Zn®* with different species obtained from DFT calculations. Electrostatic potential maps of (e) the original

Zn?*—H,0 system and (f) the added-EG system.
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displayed in Fig. 2c. With the EG-to-water ratio increasing, the
CN of SO,*>” anions around Zn>" has a slight growth. The CN of
H,O0 molecules in the first hydration layer gradually decreases,
whereas the CN of EG molecules increases, indicating that
the introduction of EG dramatically destroys the solvation
interaction of Zn*>* with H,O (shown in Fig. 1i). Moreover, the
diffusion rate of Zn”>" in these electrolytes can be qualitatively
evaluated by the mean-squared displacement (MSD) as a
function of time (Fig. S13, ESIf). Surprisingly, the diffusion
coefficient of Zn** rises and then declines as the EG content
increases (Fig. 2c). When the EG-to-water ratio is lower than
60%, the diffusion coefficient of the hybrid electrolyte is still
higher than that of EGO. This result shows that the solvation
structure of Zn*" coordinated with EG and H,O contributes to
the fast transport of Zn>*. Nevertheless, the calculated fast ion
diffusion coefficient of Zn** is not quite consistent with
the slight decrease in the ionic conductivities of the hybrid
electrolytes at 20 °C (Fig. 1b), which probably results from
the gradually increasing viscosities of the hybrid electrolytes
(Fig. S3, ESIT). Even so, fast Zn-ion transport in the hybrid
electrolyte is achieved at low temperatures, when the solvation
interaction of EG with Zn®>" becomes more prominent.
In addition, the relative binding energies of Zn>" cations to
the anion and solvent (Table S4, ESIf) can be ranked in the
order of Zn*-S0,>~ > Zn*-EG > Zn>*-H,0 (Fig. 2d). The
results imply the preferential coordination of Zn>" to EG rather
than H,0, resulting in the fast exchange of EG around Zn>** and
thereby fast conduction of Zn*" in the added-EG electrolytes.”®>°
Besides, the electrostatic potential of the Zn?>’-5H,0 solvation
state (Fig. 2e and f) has been considerably decreased after
introducing EG molecules into the system. Hence, the electro-
static repulsion between Zn>" cations could be decreased, which is
conducive to fast Zn-ion transport.

Electrochemical reversibility and stability of Zn in the hybrid
electrolytes

To explore the effects of the hybrid electrolytes on the zinc
plating/stripping process, Ti||Zn half-cells were fabricated with
EGO and the hybrid electrolytes (Fig. 3a). Taking into account
the FP and ionic conductivity together, EG40 with a moderate
EG-to-water ratio, as an example, is employed as the electrolyte
to investigate the cell performance. The deposition potential of
Zn on a Ti substrate for EG40 is about 60 mV higher than that
of EGO (Fig. S14, ESIt), indicating that a more fine-grained zinc
deposit can be obtained for EG40 with favorable crystallo-
graphic orientation."® This could be explained by the sluggish
desolvation process of EG40 since the binding energy of
Zn**-EG is higher than that of Zn*~H,0, which is confirmed
by DFT calculations (Fig. 2d). In addition, the X-ray diffraction
(XRD) results (Fig. S15, ESIT) reveal that the (002) crystal plane
of Zn dominates in both the EG0 and EG40 samples, implying
that zinc deposits grow in directions parallel to the substrate.*”
Meanwhile, the plating/stripping potential profiles of the
Ti||Zn cell with EGO display a fluctuant and low coulombic
efficiency (CE) (around 94%) (Fig. 3b and Fig. S16, ESIT) as the cycle
proceeds and this cell finally fails to operate in the 60th cycle.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Electrochemical test and physical characterization of EGO and
EG40 via Zn symmetric cells. (a) Schematic of the Ti||Zn cell. (b) Voltage
profiles of Ti||Zn cells at 2 mA cm™2. SEM images of Zn deposition on Ti foil
after plating Zn with a capacity of 2 mA h cm—2 though the Til|Zn cells with
(c) EGO and (d) EG40. Cycling stability of Zn||Zn cells at (e) 20 °C and (f) —20 °C.

In contrast, a high and stable CE (about 98%) is achieved for the
Ti||Zn cell with EG40, illustrating a highly reversible plating/
stripping process enabled by the hybrid electrolytes. Moreover, the
Ti||Zn cell with EG40 exhibits a persistent and higher CE of 99% at
—20 °C (Fig. S17, ESIt), which indicates that the solvation inter-
action of Zn*" with EG exerts a more prominent role in the zinc
plating/stripping process especially at low temperature.

Fig. 3c and d show the SEM images of Zn deposition on Ti
foil after plating Zn with a capacity of 2 mA h cm ™2 though the
Ti||Zn cells. Interestingly, a uniform and dense morphology
with lamellar structure is achieved for EG40. Nevertheless, the
perpendicular or oblique growth of zinc deposits in EGO leads
to larger and irregular zinc particles, which are more obvious at
lower magnification (Fig. S18, ESIt), which is destructive for the
membrane and the whole battery stability. Therefore, the
cycling stability of the Zn anode in the hybrid electrolyte was
evaluated using a Zn||Zn symmetric cell under galvanostatic
conditions at 20 °C (Fig. 3e) and —20 °C (Fig. 3f). At 20 °C, after
cycling for 50 hours at a current density of 2 mA cm ™2, a sudden
short circuit appears in the cell with EGO, resulting from the
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accumulation of intensified zinc agglomeration. On the contrary,
the cell with EG40 exhibits a stable polarization potential (0.05 V)
over 140 hours, which benefits from dendrite-free zinc deposition.
More importantly, a highly steady voltage signal for Zn/Zn>*
chemistry is maintained at —20 °C with EG40 (Fig. 3f). Unexpectedly,
the zinc symmetric cell with EGO cannot be operated at —20 °C
owing to the sharply increased polarization in the freezing
electrolyte. These results further confirm that the hybrid electro-
lyte promotes desirable Zn plating/stripping with high cycling
stability and reversibility at low temperature.

ZES with the hybrid electrolytes

To exemplify the feasibility of the hybrid electrolytes in a real
ZES system, an activated carbon cathode (AC), as a common
capacitive material, was coupled with Zn to assemble ZHSCs.
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The electrochemical behavior of the ZHSCs in the hybrid
electrolytes was investigated by cyclic voltammetry (CV) tests
(Fig. S19 and S20, ESIf). All the CV curves of the ZHSCs with
the hybrid electrolytes exhibit a nearly rectangular shape and
a minor redox pair at 1.2 V indicating pseudocapacitance
reactions related to the stripping/plating process of Zn/Zn>*
(Fig. 4a).>"*® Meanwhile, both EG0 and EG40 exhibit capacitive-
dominant behavior (Fig. 4b), which reveals the intrinsically fast
kinetics of the ZHSCs.*® Moreover, a higher capacity retention
of 91.12% is observed for EG40 compared with EGO (89.56%)
after resting the battery for 24 hours, revealing the low self-
discharge behavior of the ZHSC cells with the hybrid electro-
Iytes (Fig. S21, ESIt). Fig. 4c shows the discharge capacities of
the hybrid electrolytes at various temperatures at 0.1 A g~ *. The
ZHSC with EGO delivers a specific capacity of 73 mA h g ' at

4 80
a b EGO W77 piffusion EG40 c 20 °C 1A g
I Capacitive [l Capacitive 70} zg 0°C 0. 9
100 - o p )
zl 2 2 | o= gpp -10°C
= < 6of 0—0=0 20°C
o 2 8o} E =9
‘o E’ > 50 - ——0 9=g=9 30 °C
< o} = S
t 5 60f S 40t 8=0—0 _40°C
S E] ©
g = S 50| ——EGo 90— 0o0o
3 2t S a0} GE’, ——EG5
o 2 20} ——EG20
20} % —o—EG40 ——0
al 20 mVis & 10} ——EG60
: . : : 0 0 L
0.0 0.4 0.8 1.2 1.6 2.0 5 10 20 50 100 T oc
Potential (V) vs. Zn?*/Zn Scan rate (mV s™) emperature (°C)
100
9100 i ——AC f
o 90| —— NAC < ‘ Be | This work at -20 °C
< 2 LTOIAC HSC (-10 °C)
< 8ot = Hso .
g = “Pppy 5
> 70} = LITFSIWIS SC & G (80X,
£ 2104 pyaps HEG SC (5°C) © M‘o}‘\f}
S 60f 2 ; Clerg
Q [} . ©
3 5ol g > "
[ > I PAM-PVP GRE SC no
< 40| g Cse
© Q S
S & ;\‘\/s‘\N
§ 30r 20 °C 14 SA-g-DAIKCISC (10°C) O &
[=] i Sz
20f 5 %
0 0102 051 2 5 10 15 20 ) 20 40 60 80 100 100 1000 10000
Current density (A g™) Capacity (mAhg™) Power density (W kg™)
80 — 60
g ! - 100 h 100
o 70 s L. = 5 5 L. _
= s Aedigadan = < a . 9
< 60 S - Rseas Seg80 = < DRI P a i aan . 80
I e a3 2 € 4l O i g
50 )
) 4_] leos £ <_| 603
S £ © =
g 40 G 8 30f £
: o
8 Operating over 50 days at 20 °C L« Operating over 110 days at -20 °C o
S 30 1408 ¢ 3
) E B E
s 20 s ® o
£ o EGO o = 2 ]
[] & 120 5] 1 20 o
2 0 5Ag’ s EG40 © @10 v2ing o
a a
0 : : . . 0 0 . . . : . 0
0 10000 20000 30000 40000 50000 0 1000 2000 3000 4000 5000

Cycle number

Cycle number

Fig. 4 Electrochemical behavior of ZHSCs. (a) CV curves of the ZHSCs with the hybrid electrolytes using the AC electrode as a working electrode and
the Zn foil as the counter electrode at a scan rate of 20 mV s™*. (b) The capacitive and diffusion contribution ratios to the total capacity of EGO and EG40
at different scan rates. (c) Specific capacities at different temperature with a current density of 0.1 A g~ (d) Rate performance of AC and NAC cathodes
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(g) Cycling stability at 20 °C with a current density of 5 A g~2. (h) Cycling stability for EG40 at —20 °C with a current density of 0.2 A g~%.
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20 °C, whereas the capacity decays dramatically when the
temperature decreases to —10 °C. By contrast, the ZHSCs with
hybrid electrolytes exhibit favorable low-temperature capacities.
EG5 possesses superior discharge capacity than EG60 at 20 °C;
however, it fails to operate below —20 °C. As the EG content
increases to 40%, the ZHSCs display more than 50 mA h g™ " at
—20 °C, which is over 75% capacity retention compared to that at
20 °C. Notably, the ZHSCs with EG60 can still maintain a high
capacity retention of 50% even at —40 °C. Therefore, the low-
temperature capacities of the ZHSCs with the hybrid electrolytes
have been greatly improved by the fast Zn>" transport at low
temperature enabled by the multiple interactions of EG with Zn®",

Nevertheless, limited by the deficient charge storage capa-
city of the commercial AC cathode, the energy densities of such
ZHSC devices are still relatively low. Modifying the surface
properties of commercial AC materials is an effective approach
to render higher ion storage kinetics and capacity.*® We hereby
fabricate a N-doped AC (NAC) material with a superior surface
area of 3124 m> g~ ' and more pores with a size of 0.6 nm
(Fig. S22, ESIf), which successfully improved the specific
capacities, especially at high current densities (Fig. 4d). A superb
energy density of 82 W h kg™ " is obtained for the as-prepared NAC
electrode and 65% of the energy is retained at an ultrahigh power
density of 15 kW kg™ ". Accordingly, attributed to the improved
Zn** absorption/desorption of NAC and high Zn*" conductivity of
the hybrid electrolytes, the ZHSC with EG40 holds a very high
capacity of 60 mA h g~ (Fig. 4e) and competitive rate performance
from 0.1to 5 A g™ " at —20 °C (Fig. S23, ESIT). Remarkably, such a
ZHSC device with EG40 delivers an outstanding energy density of
36 W h kg™ and an excellent peak power density of 3.1 kW kg™ * at
—20 °C, which is significantly superior to those of carbon-based
hybrid devices***°™®* (Fig. 4f and Fig. S24, ESIf). Moreover,
extremely extraordinary cycling durability is achieved for EG40,
which continuously runs over 50 000 cycles (~ 50 days) without
noticeable capacity decay (Fig. 4g). Unfortunately, the ZHSC
with EGO displays a fluctuant capacity after 30000 cycles,
mainly stemming from the unstable operation process caused
by accumulated zinc particles. To further reveal how EG
impacts the interfacial reaction on the cathode side in the
hybrid electrolytes, the surfaces of AC cathodes before and after
charge-discharge cycles with EGO and EG40 were investigated
by XRD and SEM (Fig. S25 and S26, ESIt). According to previous
research, the byproduct of Zn,SO,(OH)sH,O (JCPDS#39-0690)
on an AC cathode is ascribed to the increased pH of the
electrolyte caused by the HER on the anode side. Interestingly,
the weaker peak of Zn,SO,(OH)sH,O in the XRD patterns and
less sheet-like products in the SEM images further explain why
EG40 improves the cycling performance of the ZHSC cell.
In addition, EG40 endows the ZHSC with ultralong-term and
steady operation over 110 days with a current density of
0.2 A g ' at —20 °C (Fig. 4h) and considerable cycling stability
at 2 A g ' under —20 °C (Fig. S27, ESI{). As a result, the
excellent Zn>" adsorption/desorption behavior on the NAC
cathode and fast Zn>* transport in the hybrid electrolytes
endow the ZHSCs with remarkable charge/discharge capability
at various temperatures.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Low-temperature performance of Zn//PANI-V,Os batteries based
on EG40. (a) GCD profiles at 20 °C and —20 °C with a current density of
0.1 A g% (b) Rate performance of EG40 at —20 °C with various current
densities ranging from 0.05 A g™t to 2 A g% (c) Cycling stability of EG40 at
—20 °C with a current density of 0.2 A g%

To demonstrate the versatility of the hybrid electrolytes
in the ZES system, we further assembled ZIBs by employing
PANI-intercalated V,05; composites as a cathode and Zn foil as
an anode. The cycling stability of the Zn//PANI-V,O; battery
with EG40 at room temperature is obviously improved com-
pared to EGO (Fig. S28, ESIt), which probably results from
combined effects including the decreased interfacial reaction
on the cathode side and flat zinc deposition on the anode side.
Particularly, the Zn//PANI-V,05 battery with EG40 presents a
high capacity of 180 mA h g~ " at 20 °C and still retains an
admirable capacity of 130 mA h g~ at —20 °C (Fig. 5a). Besides,
a fascinating rate performance at 0.05-2 A g~ ' was achieved at
such a low temperature (Fig. 5b). Additionally, the charge/
discharge cycling test proves that a high discharge capacity of
100 mA h g~ ' and a stable CE of nearly 100% are maintained
over 250 cycles at —20 °C (Fig. 5c). These results confirm
that the enhanced Zn>" conductivity in hybrid electrolytes can
not only boost the Zn>"-absorption/desorption process, but
also promote the Zn*'-intercalation/deintercalation process.
Therefore, the mechanism of the exceptional Zn*" transport
provided by the multiple solvation interactions of Zn** with the
EG-water co-solvent displays generality for various cathode
materials, which offers a promising solution for low-temperature
aqueous ZES systems.

Conclusions

In summary, a frigostable, cost-effective, and high-Zn** con-
ductivity EG-water hybrid electrolyte is proposed and applied
in low-temperature ZES. Owing to the intensified HB of
EG-H,0 and weakened solvation interaction of Zn*" with H,O
enabled by the solvation interaction of EG with Zn>', this
hybrid electrolyte demonstrated a high Zn>" conductivity and
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reversibility even at temperatures as low as —40 °C and thereby
enabled ZES devices to operate well in a wide range of tem-
peratures from 20 °C to —40 °C. As a proof-of-concept, the
ZHSCs assembled with a homemade NAC cathode in the hybrid
electrolytes deliver a superb energy density of 36 W h kg™ ' and
a high-power density of 3.1 kW kg™, together with remarkable
long-term cycling durability over 5000 cycles (more than
110 days) at —20 °C. Moreover, when assembled with a vana-
dium oxide cathode, the ZIBs with the hybrid electrolytes also
exhibit outstanding performance with an energy density of
121 W h kg™ ' and power density of 1.7 kW kg™ " at —20 °C.
This work not only proposes a high-safety, low-cost, and eco-
friendly hybrid electrolyte with fast Zn>" transport for all-climate
ZES devices, but also shows insight into the solvation structure
of Zn** in the hybrid electrolytes, which provides new ideas in
designing low-temperature electrolytes.
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