Open Access Article. Published on 26 Amajjii 2022. Downloaded on 13/02/2026 10:01:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2022, 15, 1282

Received 27th November 2021,
Accepted 26th January 2022

DOI: 10.1039/d1ee03691b

rsc.li/ees

Broader context

Hydrated eutectic electrolytes for
high-performance Mg-ion batteriest

Yunpei Zhu,? Xianrong Guo,” Yongjiu Lei, Wenxi Wang,® Abdul-Hamid Emwas,”
Youyou Yuan,® Yao He® and Husam N. Alshareef () *

Aqueous Mg-ion batteries are a promising electrochemical energy storage technology. However, Mg®*
ions interact strongly with electrolyte molecules and electrode materials, resulting in insufficient ionic
conductivity and solid-state diffusion, and consequently limited cycling stability and rate capability.
Herein, we design an aqueous Mg-ion battery chemistry involving a hydrated eutectic electrolyte, an
organic molecule anode, and a copper hexacyanoferrate (CuHCF) cathode. This hydrated eutectic
electrolyte features a three-dimensional percolating hydrogen bond network formed by water
molecules, which facilitates fast Mg2+ transport in the electrolyte. Moreover, the suppression of water
activity in the hydrated eutectic electrolyte can efficiently improve the cycling performance of the
organic molecule anode by prohibiting the dissolution issue. After coupling with the open-framework
CuHCF cathode, the resultant full battery delivers a wide operating voltage of 2.2 V, an energy density of
522 W h kg™! and a decent low-temperature electrochemical performance. The electrolyte and
electrode chemistries proposed in this work show an alternative way to develop low-cost, safe, and
high-performance Mg battery technologies.

Developing alternative energy storage technologies for state-of-the-art Li-ion batteries is one of the main objectives of the battery research community.

Generally, the lack of suitable electrolytes and compatible electrode materials have limited the performance improvement (e.g, rate performance, cycling
stability), which is especially true for “hard” Mg>" (large charge-to-diameter ratio). Herein, we designed a hydrated eutectic electrolyte formulation based on
low-cost, non-toxic, and earth abundant elements. This hydrated eutectic electrolyte features a three-dimensional percolating hydrogen bond network that is
constructed by water molecules. This can suppress water activity and facilitate Mg>" transport. These features enable a stable and high-rate organic molecule

anode and copper hexacyanoferrate cathode. Importantly, the resultant full battery shows a promising energy density of 52.2 W h kg™ !, which is competitive to

lead-acid batteries. This work shows a new way to design high-performance multivalent-ion batteries featuring multiple advantages for grid-scale storage and

micropower systems.

Introduction

intermittent renewable energy (e.g., solar, wind) and micro-
power systems.®” This potential is stimulated by the intrinsic

Currently, the rapid market growth of electrochemical energy
storage in our society calls for the development of new battery
chemistries beyond state-of-the-art Li-ion batteries." Among
various post-Li-ion batteries, rechargeable Mg-ion batteries
(MIBs) using a bivalent Mg>" charge carrier show great
potential for applications in grid-scale energy storage of
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advantages of the Mg element, including high earth abundance
(1.94% for Mg vs. 0.002% for Li), low cost, and environmental
friendliness.*”” However, the current MIBs still show insuffi-
cient electrochemical performance like poor rate performance
and low cycling stability.*®° The performance bottleneck is
intrinsic to the bivalent nature of Mg>" ions, i.e., Mg>" has twice
the charge density compared to Li* since they have a similar
cationic radius. As a result, ion disassociation from the electro-
Iytes and solid-state cation diffusion, which are two essential
steps in classical intercalation chemistry, show sluggish
kinetics at room temperature.*® Additionally, serious struc-
tural changes of electrode materials upon Mg>" intercalation
result in low cyclability.'*™* Therefore, designing new

This journal is © The Royal Society of Chemistry 2022
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electrolytes and electrode materials has been the key to achiev-
ing performance improvement of rechargeable MIBs.

The development of organic electrolytes for MIBs has been an
important research topic, which typically hinges on the presence of
chloride to ensure decent ionic conductivity and reversibility of Mg
plating/stripping.>'>'® However, serious challenges are associated
with these chlorides, such as a high disassociation energy of the
Mg-Cl bond, chemical corrosivity, moisture sensitivity, toxicity, and
flammability. Recently, organic chloride-free electrolytes have been
discovered (e.g:, boron cluster-based Mg(CB;,H;,), dissolved in
glyme) to overcome some of the challenges caused by chlorides
(e.g, corrosivity, water stability),"””'® though high viscosity and
strong coordination between Mg”" and glyme lead to low ionic
conductivity and sluggish kinetics. These limitations of organic
electrolytes have motivated researchers to develop aqueous
MiIBs."*! Aqueous electrolytes eliminate the typical disadvantages
of organic electrolytes (e.g., toxicity, flammability) and show addi-
tional advantages of low cost, high ionic conductivity, and easy
handling. In this line of thought, various cathode and anode
materials have been evaluated in different aqueous electrolytes
(e.g, Mg(NO3),, MgSO,). Nevertheless, many reported aqueous Mg
battery = chemistries only focused on the half-cell
configurations."**'~* For the full aqueous MIBs,'**>*** there are
still limited Mg>*-host materials available, while the narrow electro-
chemical stability window (1.23-1.80 V) of the traditional aqueous
electrolytes and the possible incompatibility between electrolytes
and electrode materials (e.g, electrode dissolution and decomposi-
tion) could lead to low operation voltage, low energy density, and
poor cycling stability. Therefore, it is critical to design a new
aqueous Mg*" electrolyte featuring high electrode compatibility
and an expanded stability window.

Herein, we propose a full aqueous MIB utilizing an organic
anode of perylene-3,4,9,10-tetracarboxylic = dianhydride
(PTCDA), an open-framework copper hexacyanoferrate (CuHCF)
cathode, and a hydrated eutectic electrolyte consisting of
Mg(NO3),-6H,0 and acetamide. The resultant full MIB shows
a high voltage of 2.2 V, a high energy density of 52.2 W h kg™*,
and increased cycling stability (65.3% capacity retention after
1000 cycles). The improved electrochemical performance
towards Mg”* storage is related to the synergistic contributions
from the proposed electrolyte and electrodes. On the one hand,
the presence of water in the hydrated eutectic electrolyte can
ensure high ionic conductivity, while the lack of free water
molecules suppresses the dissolution of PTCDA during charge
and discharge. On the other hand, the non-diffusion-controlled
PTCDA anode and open-framework CuHCF cathode can facil-
itate Mg>* (de)intercalation without significant structural
changes, ensuring good rate performance and cycling stability.

Results and discussions

Compatibility of hydrated eutectic electrolytes with organic
molecule electrodes

For grid-scale energy storage or micropower systems, the bat-
tery materials, especially electrode materials, should feature

This journal is © The Royal Society of Chemistry 2022
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low cost, Earth-abundant elements, and environmental friend-
liness. A promising family of such materials is organic
electrode materials,**>° which consist of electrochemically
redox-active organic compounds like molecules and polymers.
Organic molecules feature a high specific capacity and energy
density as well as a non-diffusion controlled redox reaction
mechanism, though their cycling stability is significantly lim-
ited by their fast dissolution upon cycling in conventional
aqueous electrolytes and even organic electrolytes.” ** Making
organic molecules into the corresponding polymers can effi-
ciently prohibit the dissolution issue.'®?***?> However, the
introduction of electrochemically inactive linkers could lead
to much decreased specific capacity compared to the original
molecules, while the sloping charge-discharge curves would
result in a decreased average operating potential. These two
factors together decrease the polymer electrode energy density.
Furthermore, the synthesis difficulties of polymer electrodes
(e.g., polymerization reaction, thermal activation) make them
unfavorable for large-scale applications. Given the above dis-
cussions, we believe organic molecules are a good starting
point for designing stable aqueous MIBs with high energy
density and power density. One strategy to realize this goal is
to design efficient aqueous electrolytes to inhibit the
dissolution issue.

The dissolution issue of organic molecule electrodes is
related to the abundance of free water in conventional aqueous
electrolytes. Recently, several strategies have been developed to
decrease the number of free water molecules or suppress the
activity of water, such as “water-in-salts”,*"**% hydrate
melts,***° “water-in-ionomers”,** and “molecular crowding”.*?
The strategies of “water-in-salts” and hydrate melts depend on
the formation of super-concentrated aqueous electrolytes, in
which water molecules are mostly localized in the first solvation
sheath of cations, thus minimizing the number of free water
molecules.’™***° However, the utilization of highly concen-
trated salts (e.g., fluorinated salts) causes toxicity and cost
concerns. Differently, the methods of ‘water-in-ionomers”
and “molecular crowding” rely on the strong interaction
between polymers and water molecules,*"*> thereby realizing
a decreased amount of water molecules at the free state.
Nonetheless, a high water content is required (>30%) to
generate the electrolyte of “water-in-ionomers”,*' while the
“molecular crowding” approach leads to insufficient ionic
conductivity (0.8 mS cm™').*> Noticeably, both the “water-in-
ionomers” and “molecular crowding” strategies are developed
based on the high solubility of salts in water. Accordingly,
halogenated salts (e.g., fluorinated salts) are still needed,
similar to the methodologies of ‘“water-in-salts” and hydrate
melts. These studies inspire us to develop an eco-friendly and
cost-efficient aqueous electrolyte with a limited amount of free
water and high ionic conductivity. This electrolyte should
enable stable and high-rate operation of organic molecules
for aqueous MIBs.

In fact, water molecules show a bipolar nature, which
endows them with the capability to perform as chemical build-
ing blocks for eutectic electrolytes.*”**** This has been proven
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by designing hydrated eutectic electrolytes for stable and
efficient aqueous Zn-ion batteries.®* In the hydrated eutectic
electrolytes, it is feasible to isolate water molecules from each
other through rationally controlling the atomic content of
water. This is critical to suppress the water activity for stable
operation of organic electrodes.”” In the classical eutectic
electrolytes, the metal cations (e.g., Mg>*, Zn>*, AI**) are Lewis
acids, while anions and organic compounds (e.g., amines) are
Lewis bases. Upon mixing metallic salts with organic com-
pounds, the Lewis acid-base interaction induces the formation
of eutectic frameworks.***> Noticeably, the bipolar nature of
water molecules ensures the miscibility in the conventional
eutectic electrolytes. We presume that besides the Lewis acid-
base interaction between cations and compounds/anions,
water molecules can readily interact with metal cations (e.g.,
Mg>") through judiciously controlling the water content. This
hydrated eutectic framework resembles the state-of-the-art
electrolytes of “water-in-salts” and hydrate melts.**™*° This
feature indicates the capability of the hydrated eutectic frame-
work in suppressing water activity by decreasing the amount of
free water. Notably, the hydrated eutectic electrolytes show
additional advantages like nontoxicity, low cost, and facile
preparation.

Herein, we design a hydrated eutectic electrolyte for MIBs.
This electrolyte features a precisely controlled hydration level
through a facile formulation, i.e., mixing Mg(NO;),-6H,0 with a
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neural compound of acetamide (Fig. 1a). Compared to other
Mg>" salts (e.g., magnesium triflate, magnesium chloride),
Mg(NO;),-6H,0 shows the advantages of low cost, non-
toxicity, non-corrosiveness, and decent solubility, and capabil-
ity to enable a wide voltage window. Making metal nitrates into
working aqueous electrolytes can provide new strategies in
designing aqueous rechargeable batteries since electrochemi-
cal nitrate reduction has been proven to be the main reason
that limits the application of metal nitrates in aqueous
rechargeable batteries.”® Noticeably, no additional water is
used except the crystalline water of Mg(NO3),-6H,0. Indeed,
developing this hydrated eutectic electrolyte is partially moti-
vated by the existence of abundant free water molecules for the
saturated aqueous Mg(NOs3), electrolyte, as proven by our
previous work.’® The abundant free water molecules in the
saturated aqueous Mg(NOj3), electrolyte lead to the dissolution
and fast capacity degradation of the PTCDA electrode (Fig. S1,
ESIT). Even in the saturated aqueous Mg(NO3), electrolyte, the
molar ratio of water to Mg*" (11,0 : Mipg2+) is still larger than 12
and the solvation sheaths of Mg®* ions are still dominated by
water molecules. These are strong indications that the exis-
tence of a large amount of the clusters of free water molecules
are detrimental to the cycling stability of organic molecule
electrodes (e.g., PTCDA)."**" Currently, limited information is
available regarding the control over the hydrated Mg>* species
and the surrounding hydrogen-bonded localized structure of
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Fig. 1 Characterization of the electrolytes and the electrochemical performance of the PTCDA anode. (a) Stoichiometric amounts of Mg(NO3),-6H,O
and acetamide to make the hydrated eutectic electrolyte with nugz+ : Nacetamide = 1: 8. (b) Summary of the water content in the electrolyte using different
molar ratios of Mg(NOs),-6H,O and acetamide. (c) DSC curves of the electrolytes. Electrochemical performance of the PTCDA anode using the hydrated
eutectic electrolyte (Nmgz+ : Nacetamide = 1:8): (d) cycling stability test at 10 C, (e) galvanostatic charge—discharge curves at different rates, and (f) rate
capability test.
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water molecules. Upon introducing acetamide, the water con-
tent of the electrolytes can be decreased by decreasing the
molar ratio of Mg®" to acetamide (Myige+ : Macetaimde) (Fig. 1b).
This provides the feasibility to tailor the hydrated structure of
Mg>" and suppress the water activity.

Acetamide is taken as a logical choice to produce hydrated
eutectic electrolytes because of its wide availability, moderate
Lewis basicity, and decent polarity to dissolve different types of
salts.*”*® Noticeably, bipolar water molecules are able to form
hydrogen bonding with the nitrogen or oxygen atoms of the
acetamide molecules, resulting in the reduction of melting
point (Ty,).*>*° In this line of consideration, the carbonyl and
amine groups of acetamide ensure a high tendency towards
hydration, which can enrich the intermolecular interaction.
This is a prerequisite for yielding a eutectic liquid system, as
confirmed by the transparent and homogeneous solution after
mixing acetamide with Mg(NO;),-6H,0 (Fig. 1a). The hydrated
eutectic solution remains stable in the liquid state without
forming any precipitates even after ten months (Fig. S2, ESIt).

Differential scanning calorimetry (DSC) was conducted to
illustrate the thermal properties of the prepared electrolytes
(Fig. 1c). When nyge+ : Nacetamide 1S too low (1:12) or too high
(1:2), the DSC curves reveal a high liquidus temperature (77)
(>20 °C). Additionally, an exothermic peak corresponds to the
crystallization temperature (7.), which should be related
to the presence of abundant free water clusters at high rnyg2+:
Nacetamide OF abundant acetamide clusters at low myee::
Macetamide- The excess water or acetamide clusters do not
participate in the eutectic network. In contrast, a medium
Npge+  Macetamide 1€adS to a very low Ty, which is the typical
feature for the eutectic electrolytes.***> Note that the lowest T},
of —76 °C can be observed at nyge+:Nacetamide = 1:8. The
significantly decreased T, originates from the charge delocali-
zation between the components. Featuring nyge+ : Macetamide =
1:8, the hydrated eutectic solution shows well-balanced physi-
cal properties (Fig. S3, ESIT), including high ionic conductivity
(5.5 mS ecm ™, even comparable to the organic electrolytes of
commercial Li-ion batteries® and state-of-the-art “water-in-
salts” electrolytes®®™®), low viscosity (67.1 mPa s), and a low
water content (14.8 wt%, Fig. 1b). Noticeably, the hydrated
eutectic electrolyte shows an extended electrochemical stability
window of 2.7 V (Fig. S4, ESIT), even comparable to state-of-the-
art aqueous electrolytes like “water-in-salts” (2.7-3.2 V),>'*¢738
hydrate melts (2.5-3.2 V),>*>*® water-in-ionomer (1.8-2.6 V),*"
and molecular crowding (2.5-3.2 V).*? This further confirms the
efficiency of the hydrated eutectic strategy in suppressing water
activity and in designing new aqueous electrolytes that are
typically difficult to achieve through classical strategies (e.g.,
“water-in-salts”). Therefore, this eutectic formulation, without
introducing additional water, is used as the electrolyte for
aqueous MIBs.

First, we evaluated the electrochemical performance of the
PTCDA anode towards Mg>" storage using a conventional three-
electrode setup (see the Experimental Details in the ESIt). Here,
an organic PTCDA material is selected as the anode because of:
(1) the commercial availability and low cost, and (2) the

This journal is © The Royal Society of Chemistry 2022
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nanorod morphology and the monoclinic structure with an
open framework that can together facilitate Mg>* diffusion (Fig.
S5 and S6, ESIf). As shown in Fig. 1d, the PTCDA electrode
shows decent cycling stability, corresponding to a capacity
retention of 65.5% after 1500 cycles at the current density of
10 C. The cycling stability achieved in the eutectic electrolyte
with 7ipger : Macetamide = 1: 8 shows a pronounced improvement
compared to that realized in saturated Mg(NO;), electrolyte
(Fig. S1, ESIt) and other eutectic formulations (Fig. S7, ESIt).
This is related to the minimum of free water molecules in the
hydrated eutectic electrolyte, which can efficiently prohibit the
dissolution of PTCDA upon cycling.*™** In addition, the PTCDA
anode exhibits superior rate performance at 2-20 C (Fig. 1e),
delivering 142 mA h g™ at a low current rate of 2 C and
120 mA h g™ ' at a high current rate of 20 C. This indicates
that at a low current density, each formula unit of PTCDA
follows a 2-electron transfer reaction mechanism through the
non-diffusion-controlled enolization reaction (C—0 < C-O"),
thus leading to nearly half of the theoretical capacity (4-electron
reaction). Noticeably, the non-diffusion-controlled reaction
mechanism enables the high rate capability.

Instead of a proton, Mg”>* has been proven to be the cation
stored at the PTCDA anode because of the neutral pH condition
of the hydrated eutectic electrolytes (suppressed water activity)
and overlapped charge-discharge curves even after decreasing
the pH of the electrolytes (Fig. S8, ESIT). The stages in the
galvanostatic charge-discharge (GCD) curves are associated
with reversible phase changes of PTCDA upon Mg”* (de)inter-
clation, as confirmed by the previous study.>® The phase
changes are induced by the unique squeezing deformation
(i.e., reversible contraction and expansion) of the PTCDA
anode.?® This structural flexibility further ensures the cycling
stability of PTCDA upon repeated Mg”" intercalation/extraction.
The rate capability tests of the PTCDA anode further reveal its
structural stability to withstand large current tests (Fig. 1f).
These results highlight the capability of our hydrated eutectic
electrolytes in enabling a stable and high-rate electrochemical
Mg>" storage performance when using the organic molecule
electrode of PTCDA. This is intimately related to the physico-
chemical state changes of water molecules in the eutectic
electrolyte systems.**>?

Spectroscopic characterization of the hydrated eutectic
electrolytes

We next performed spectroscopic analysis using different tech-
niques to study the physicochemical states of water molecules
in the eutectic electrolytes, including Fourier-transform infra-
red (FT-IR), Raman, and liquid-state nuclear magnetic reso-
nance (NMR) spectroscopy. As shown in the FT-IR spectra
(Fig. 2a), the intensity of the O-H stretching bands in the range
of 3000-3800 cm ' is significantly suppressed when introdu-
cing acetamide, indicating that the hydrogen-bonding network
of water clusters is severely disrupted.>® Similar results can also
be found in the Raman spectra (Fig. S9, ESIT). A shoulder peak
at ~3680 cm™ ' appears and intensifies when decreasing nyg2+:
Nacetamide- These peaks are typically the characteristics of water

Energy Environ. Sci., 2022, 15,1282-1292 | 1285
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spectra of (d) 1 M Mg(NQ3),, (e) the electrolyte with Nugz+ : Nacetamide = 1:2, and (f) the electrolyte with Nugz+ : Nacetamide = 1:8.

molecules bonded to metal ion centers.>® The appearance of
this signal indicates the strong interaction between H,O and
Mg>" in the eutectic electrolytes, signifying the existence of H,O
into the solvation sheaths of Mg>". This can be further con-
firmed by the O NMR spectra (Fig. 2b). In comparison to the
water reference (~0 ppm), the "0 (H,O) resonance signal of
the eutectic electrolytes shows an upfield shift. The peak
broadening is associated with slightly decreased T, relaxation
time,*”** which in turn reveals the low viscosity of the hydrated
eutectic electrolytes (Fig. S3, ESIt). Furthermore, the 7O (acet-
amide) and 7O (NO; ") show slight shifts with the decrease of
Npg2+ : Macetamide- These results reveal that the solvation struc-
tures of different ions and neutral acetamide molecules
strongly interpenetrate, which is the typical feature of eutectics.

More specifically, the Lewis acidic Mg>" can interact with the
lone-pair electrons of oxygen atoms in water or acetamide.>*™*°
A suppressed interaction between Mg®" and H,O leads to the
shielding effect of 17O (H,0), as shown by the upfield shift for
the hydrated eutectics. The concentration increase of aceta-
mide results in a more pronounced upfield shift of 7O (H,0).
This indicates that the water molecules around Mg”" ions are
gradually replaced by the acetamide molecules. Importantly,
the line width of the **Mg resonance signal increases margin-
ally along with an upfield peak shift, which suggests the
increased complexation and interaction between Mg?" and
electron-rich groups (e.g., C—O in acetamide). Based on the
above spectroscopy and DSC results of the eutectic electrolytes,
it is reasonable to infer that the acetamide molecules gradually

1286 | Energy Environ. Sci., 2022, 15, 1282-1292

substitute water molecules and penetrate into the solvation
shells of Mg®" ions in the hydrated eutectic electrolytes, which
can minimize the number of free water molecules. Moreover,
the steric-hindrance effect caused by NO; ™ dictates the identity
of solution species, as reflected by the less significant shift of
70 (NO; ) compared to other oxygen species (Fig. 2b).
According to previous studies,>**™** the water molecules in
the electrolytes designed by ‘water-in-salts”, hydrate melts,
“water-in-ionomers”, and ‘“molecular crowding” can ensure
the decent ionic conductivity (<10 mS cm™") of the resultant
electrolytes. As proven by previous studies experimentally and
theoretically,>®">® the decent ionic conductivity of these electro-
lytes results from an unusual nano-heterogeneity in composi-
tions, which can decouple cations from the Coulombic traps of
the anions in the solvation shells. Eventually, a three-
dimensional (3D) percolating water-cation network is formed,
which can efficiently liberate cations for fast ion transport in
the electrolytes. This further reveals that a continuous
hydrogen-bonding network constructed by water molecules in
the solvation sheaths of cations is critical to ensure the ionic
diffusion. For our hydrated eutectic electrolytes, the NO;™
anions show much weaker interaction compared to water and
acetamide, delivering low Coulombic traps for fast Mg>" trans-
port through the Mg>*~H,O network. The well-structured Mg**-
H,0 network has been illustrated by the FT-IR, Raman, and
NMR. The NO;~ anions are actually located in the second
solvation shells of Mg>" ions, as confirmed by the following
molecular dynamics (MD) simulations (to be discussed shortly)

This journal is © The Royal Society of Chemistry 2022
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and stricter analysis of the eutectic electrolytes. Accordingly,
the evaluation of the diffusion of water in the eutectic electro-
lytes would be valuable to study the percolation and continuity
of the Mg*>*-H,0, the prerequisite for high ionic conductivity
and rate capability of aqueous MIBs.>®*%°6758

We conducted 'H pulsed-field gradient NMR (PFG-NMR)
spectroscopy to investigate the diffusivity of water in the electrolytes
(Fig. 2d-f and Fig. S10, ESIt). For the control electrolyte of 1 M
Mg(NO3), (M: molar Lejecrroiyee ), the 3D PFG-NMR spectrum shows
only one 'H signal at the chemical shift of 4.7 ppm (Fig. 2d and Fig.
S11, ESIt), corresponding to the hydrogen of water molecules. A
high diffusion coefficient of 1.2 x 10~° m* s~ for water molecules
can be achieved. In contrast, an obviously decreased diffusion
coefficient of 7.9 x 107" m* s~ is observed for the electrolyte with
Tingge+ : Macetamide = 112 (Fig. 2e). The reduction of water diffusivity is
the result of a gradually suppressed hydrogen-bonding network, as
confirmed by the previous FT-IR, Raman, and NMR spectroscopic
analyses. At a eutectic formulation of 7+ : acetamide = 1:8, the
diffusivity of water molecules is detected to be 2.1 x 107 "° m*s™*
(Fig. 2f). In accordance with previous studies,”®>® the vehicular
motion of cation—(H,0),, dominate the cation transport through the
3D cation-H,0 network. The high diffusivity of water molecules in
our hydrated eutectic electrolyte ensures the fast vehicular motion of
Mg**~(H,0),, and thus the high ionic conductivity.

Since the acetamide molecules start entering the solvation
shells of Mg>" ion with increasing acetamide content, we pay
additional attention to the diffusivity changes of acetamide
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molecules. At a low content of acetamide (Magz+: Nacetamide =
1:2) (Fig. 2e), the three new 'H resonance signals (1.6, 6.4, and
7.2 ppm; see detailed analysis in Fig. S9, ESIT) that are assigned
to acetamide show that acetamide diffuses slightly (8.5 x 10"
m” s™') slower than water, which is due to the bulkier nature
for the acetamide molecules. The diffusivity of acetamide
slightly decreases with its content increase in the electrolytes
(Fig. 2f and Fig. S10, ESIf). This is because the acetamide
molecules replace the water molecules in the solvation sheaths
of Mg>" ions, while the increased Coulombic traps by Mg”*
slows down the transport of the acetamide molecules. Our
hydrated eutectic electrolytes are different from the classical
electrolytes of ‘‘water-in-salts” and hydrate melts, in which
anions in the solvation sheaths of cations deliver much stron-
ger Coulombic traps. This solvation structure difference,
initiated by the neutrally charged acetamide molecules, endows
fast Mg>" transport and high ionic conductivity, even competi-
tive with the ionic conductivity of “water-in-salts”” and hydrate
melt electrolytes for aqueous Li-ion batteries.

Molecular dynamics (MD) simulations of the hydrated eutectic
electrolytes

Next, we conducted MD simulations to gain theoretical insights
into the structures of the electrolytes. Fig. 3 shows the MD
simulation boxes and the corresponding radial distribution
functions (RDF). At a molar ratio of nyee+: Macetamide = 1:2, the
solvation sheaths of Mg** ions are dominated by water

a
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Fig. 3 MD simulation results of the electrolytes with different molar ratios of Mg(NO3),-6H,O and acetamide. Snapshots of MD simulation boxes
featuring (a) Nmg2+ : Nacetamide = 1: 2, (D) Nug2+ - Nacetamide = 1: 8, and (C) Nugz+ : Nacetamide = 1:12. The hydrogen bond networks of H,O-H,O are highlighted
with a light colored surface. RDFs plots of Mg®*-O and the corresponding coordination environments of Mg>* ion in the electrolytes with
(d) Nmg2+ * Nacetamide = 1:2, (e) Nmg2+ * Nacetamide = 1:8, and (f) Nmg2+ - Nacetamide = 1:12.
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molecules (Fig. S12, ESIT), and the water molecules interact
with each other to generate a percolating hydrogen bond net-
work (Fig. 3a). Upon increasing the content of acetamide
(Mage+ i Macetamide = 1:8), the Mg** ions start interacting with
the Lewis-basic oxygen atoms of the acetamide molecules
(Fig. 3b and Fig. S13, ESIt). Previous studies confirm that this
solvation structure can modify the location of the lowest
unoccupied molecular orbital (LUMO) of the electrolyte, which
can efficiently suppress water activity from a thermodynamics
point of view.>**%>* Notably, the 3D percolating hydrogen bond
framework can be maintained, providing a continuous pathway
for fast Mg>" transport. However, a further increase of the
acetamide content (7nge+ : Nacetamide = 1:12) induces the gen-
eration of acetamide clusters (Fig. 3c and Fig. S14, ESIt), which
breaks the extended hydrogen bond network and thus delivers
decreased ionic conductivity.>®>” Noticeably, an extended
hydrogen bond network of H,O-acetamide starts to form upon
decreasing nygg2+ : Macetamide, Which is critical to suppress water
activity (Fig. S15-S17, ESIt).

RDF analysis can provide more detailed information about
the solvation environment of Mg>* ions in the electrolytes.
According to the RDF plots in Fig. 3d-f, we find that the first
solvation sheath (< 0.3 nm) of Mg>" is gradually dominated by
the acetamide molecules upon decreasing nygg2+ : Hacetamide-
Based on the statistical analysis of MD simulations, the first
solvation sheath of Mg>" (Myge+ : Nacetamide = 1:8) contains ~4
acetamide molecules and ~ 2 water molecules, while the NO;~
anions remain in the second solvation sheath (Fig. 3e). This
simulation result is consistent with the aforementioned liquid-
state NMR analysis. We note that the electrolyte composition
with nyg2+ : Macetamide = 1: 12 shows a similar solvation structure.
On the other hand, more pronounced oscillations beyond
0.3 nm can be observed for the electrolyte composition of
Nyg2+ : Macetamide = 1: 2 (Fig. 3d). A flattening effect of the second
solvation shell can be identified when increasing the molar
ratio of acetamide. The flattening phenomenon is generally
interpreted as the structure-breaking effect.>®®® This is one sign
that the fluctuations of water molecules around the Mg”" ions
become different upon changing nyge+ : Macetamide- Through the
PFG-NMR technique, we have confirmed that the molar ratio
increase of acetamide causes a reduction in water diffusivity.
Therefore, we attribute the flattening effect to the decreased
diffusivity of water molecules after partially breaking the hydro-
gen bond network. However, the maintenance of a 3D percolat-
ing hydrogen bond network ensures the fast Mg>" diffusion in
the electrolyte through the vehicular motion mechanism of
Mg®>-H,0, in a similar manner to that of the super-
concentrated aqueous electrolytes for Li-ion batteries.>®>7:%!
Our halide-free strategy is different from the previous
strategies,*****° which involve a very high concentration of
expensive and toxic fluorine-containing salts to suppress the
activity of water.

The aforementioned spectroscopy analysis and theoretical
simulations show a limited capability to illustrate the equili-
brium species and provide direct structural information of the
electrolytes. To achieve this, we produced single crystals from
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the electrolytes and analyzed them using single-crystal X-ray
diffraction (XRD) (see the Experimental details in the ESIt).****
The single-crystal structure analysis reveals that water mole-
cules around the Mg>" ion are gradually replaced by acetamide
molecules upon increasing the content of acetamide (Fig. S18-
S20 and Tables S1-S3, ESIf). At the eutectic formulation of
Mg+ : Macetamide = 11 8, the Mg>" ion is coordinated by six oxygen
atoms (ie., two water molecules and four acetamide mole-
cules), while the cation charge is balanced by two persistent
NO;  anions. Because of the smaller molecular size of water
compared with acetamide, the repulsive interaction between
water and acetamide would be weak. This effect makes several
water molecules remain in the primary coordination sphere of
Mg>". Note that the single-crystal results of the electrolytes are
consistent with the MD simulations.

Full battery performance

Based on the above discussions of low-cost and efficient
electrolytes and PTCDA anode, it is necessary to develop a
cathode that also features availability, low cost, nontoxicity,
and good electrochemical performance. Herein, CuHCF is
chosen as the cathode to pair with the eutectic electrolytes
and PTCDA anode because:****°*®* (1) CuHCF has a 3D open
framework that can facilitate the intercalation of bivalent Mg**;
(2) the abundant structural water molecules can shield the
charge of “hard” Mg”* ions and thus facilitate their diffusion;
(3) the Prussian Blue analogs (PBAs) (e.g., CuHCF) are usually
prepared using mild co-precipitation methods (see the Experi-
mental Details in the ESIT), representing a low-cost and poten-
tially scalable synthesis technique; and (4) compared to other
PBAs, CuHCF features a relatively higher working potential,
thereby ensuring improved energy density. We further
decreased the particle size of CuHCF to shorten the diffusion
pathway of Mg®" and to increase the rate capability (Fig. $21-
S23, ESIT). Ex situ XRD patterns evidence the reversible inter-
calation of Mg** within the CuHCF cathode (Fig. S24, ESIf).
GCD plots reveal the decent rate capability of the CuHCF
cathode: 61.2 mA h g ' at 0.5 C and 37.8 mA h g ' at 20 C
(Fig. 4a). In addition, the CuHCF cathode delivers a stable
cycling performance, i.e., 91.5% capacity retention after 2000
cycles at 10 C (Fig. 4b).

The stable operation of the PTCDA anode and the CuHCF
cathode in the hydrated eutectic electrolyte further prompted
us to assemble a full aqueous Mg-ion battery. We notice that
previous studies have demonstrated the feasibility and effi-
ciency of utilizing a CuHCF cathode and PTCDA or PTCDA
analogue anode for aqueous Mg-ion batteries in different
electrolytes.>>%3%¢ Nevertheless, the electrolytes used in these
previous works have still not been optimized, leading to insuf-
ficient electrochemical performance (e.g., low Coulombic effi-
ciency, poor cycling stability, relatively narrow working voltage
window). The GCD curves of our battery chemistry demonstrate
that the full battery can work stably in a wide voltage window of
2.2 V (Fig. 4c). The full battery shows a capacity of 38.1mAh g™*
(based on the total mass of active anode and cathode) at 5 C
and an average voltage of 1.38 V, as well as a decent capacity of

This journal is © The Royal Society of Chemistry 2022
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of the MIB pouch cell with a capacity of 10 mA h. (f) Cycling performance of the full MIB at different temperatures.

29.8 mA h g ! at 20 C. Ragone plots reveal the competitive
performance of our full battery to the state-of-the-art aqueous MIBs
(Fig. S25, ESIt). As shown in Fig. 4d, we compared the electro-
chemical performance of this full MIB with previous aqueous
MIBs,'?%?64¢ 7non batteries (e.g, Zn-organic batteries),***"*
Li-ion batteries,”® and Na-ion batteries.** Our full MIB shows a
competitive performance (e.g., energy density and average voltage)
compared with the state-of-the-art aqueous mobile-ion batteries.

Furthermore, the full battery can be stability cycled at 8 C,
showing a capacity retention of 65.3% after 1000 cycles (Fig. S26,
ESIY). In addition, we evaluate the electrochemical performance of a
10 mA h pouch cell of our aqueous Mg-ion battery chemistry
(Fig. 4e). A capacity retention of 81.1% can be realized after 100
cycles. Note that our hydrated eutectic electrolyte remains stable
even after 50 cycles of the full battery (Fig. 527, ESIt). Inspired by the
low melting point (—76 °C) of the hydrated eutectic electrolyte, we
further evaluate the low-temperature performance of the full MIB.
Fig. 4f shows that our proposed full MIB can perform well at low
temperatures: 26.3 mAh g " at 0 °C and 158 mA h g~ " at —20 °C.
The capacity recovers to 31.9 mA h g~' when the temperature is
increased to room temperature. The decent cycling stability at
different temperatures indicates the advantage of the hydrated
eutectic electrolytes, which can potentially enable rechargeable
aqueous MIBs working in a wide temperature range.

In view of the above discussions, the proposed MIB chem-
istry shows some unique features and advantages. First, the

This journal is © The Royal Society of Chemistry 2022

hydrated eutectic electrolyte shows a high ionic conductivity
(5.5 mS cm™') at room temperature and a low melting point,
thus enabling a decent electrochemical performance towards
Mg>" even at a low temperature. This superior performance is
related to the 3D percolating hydrogen bond network generated
by water molecules in the hydrated eutectic formulation. The
hydrated eutectic electrolyte consists of low-cost, low environ-
mental impact, and halide-free compositions, thus ensuring
the advantages in cost and safety (see Table S4 (ESIt) for the
cost comparisons of different electrolytes). Second, both the
cathode and anode are low-cost materials made of earth-
abundant elements. The CuHCF cathode can be synthesized
at room temperature through a straightforward and scalable
wet chemistry method. The PTCDA anode is commercially
available because of its wide applications as decorative paints.
Third, the rational design of a hydrated eutectic electrolyte
endows the PTCDA anode and the CuHCF cathode with decent
cycling stability and rate capability. The dissolution issue of the
organic-molecule PTCDA can be efficiently suppressed during
cycling due to the suppression of water activity in the hydrated
eutectic electrolyte. Last but not least, the elemental abundance
of the key materials in our battery chemistry in the Earth’s crust
is much higher than those of classical batteries, such as lead-
acid, vanadium-based redox flow, and nickel-metal hydride
batteries. All these together reveal the potential of the proposed
full MIB for large-scale or micropower applications, wherein
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energy density is above-discussed
parameters.

Currently, aqueous rechargeable MIBs are still underdeve-
loped compared to other aqueous battery chemistries. One of
the bottlenecks is related to the much more “hard” nature
(high charge-to-radius ratio) of Mg>* compared to the Li*
benchmark. This can induce a significant polarization of the
electrode material framework and very strong cation-cation
repulsion, thus resulting in sluggish solid-state diffusions
and severe structural changes of the electrodes. All these
together make it more challenging to develop suitable inter-
calation electrodes of MIBs, which feature large capacities,
stable redox potentials, and long-term cyclability. We notice
that the PTCDA anode and the CuHCF cathode used in this
work hold large potential in storing other earth-abundant
cations (e.g., Zn*", Ca®, AI*"). This is rationalized by the
intrinsic nature of an open framework and suitable redox
potentials for these two electrode materials. On the other hand,
our hydrated eutectic electrolyte strategy can potentially enable
other high-performance mobile-ion battery chemistries (e.g.,
Ca”", AI**) using PTCDA and CuHCF.

Although a decent energy density of 52.2 W h kg™' is
achieved through our current battery chemistry, we realize that
further improvement of energy density will depend on the
development of new intercalation electrodes. For the PBA
cathode, the doping strategy is commonly used to adjust the
capacity and redox potential.>>*"®* Doping other active transi-
tion metals (e.g., Mn) into the CuHCF framework can poten-
tially increase the capacity without sacrificing the intrinsic high
redox potential of CuHCF. For the anode, materials with open
frameworks, higher capacity, and even lower redox potentials
would further enhance the energy density of aqueous MIBs.
Organic anodes represent a promising candidate because of
their controllable compositions and electronic structures
through precise molecular engineering.?®>°

outweighed by the

Conclusions

In summary, we have developed a hydrated eutectic electrolyte
by coupling the hydrated Mg(NO;), salt exclusively with acet-
amide. The electrolyte formulation features low cost, nontoxi-
city, and convenient operation. More importantly, the solvation
structure of Mg>* can be precisely regulated by controlling the
molar ratio of hydrated salt and acetamide. At the eutectic
formulation, the primary solvation sheath of Mg>" is dominated
by acetamide and partially occupied by water molecules, as
confirmed by different spectroscopic characterizations and
molecular dynamics simulations. This unique solvation struc-
ture decreases the number of water molecules at the free state
and provides a three-dimensional hydrogen bond network for
high ionic conductivity. These features can sufficiently improve
the cycling stability of the organic molecule anode of PTCDA by
suppressing the severe dissolution issue, which has been
challenging to achieve utilization of the conventional or con-
centrated aqueous electrolytes. Upon coupling with the
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nanostructured cathode of CuHCF, the full battery shows a
decent energy density, rate capability, cyclability, and low-
temperature electrochemical performance. This work presents
promising battery chemistry for grid-scale energy storage and
micropower systems. A step beyond can be extended to other
aqueous multivalent-ion batteries through designing rational
hydrated eutectic electrolytes and electrode materials.
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