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Developing greener batteries with new chemistries is a formidable challenge, and a major focus
for years to come. Redox flow batteries are receiving increasing research interest for grid-scale
electrochemical energy storage owing to their unique architecture. However, challenges still remain
by their low energy density as well as corrosive and/or toxic electrolytes. An anolyte based on aprotic
Zn deep-eutectic-solvent, which uses low cost, abundant and environmentally benign materials,
exhibits a utilizable concentration of Zn?* ca. 1.7 M, resulting in a reversible volumetric capacity of ca.
90Ah-L~1. Combined with high efficiencies and relatively low redox potential of —1.12V vs. Ag/AgCl,
such an anolyte provides an alternative way to explore a family of anolytes using new chemistries for
rechargeable Zn batteries that meet the criteria for grid-scale electrical energy storage.

Future rechargeable batteries should include alternative chemistries that are inherently environmental-friendly
and elementally abundant. For grid-scale electrochemical energy storage, much attention has been paid to the
flow-based electrochemical energy storage systems such as redox-flow batteries (RFBs)!. RFBs separate the
energy storage and power generation by a split cell design that maintains the redox reactions at the surface of the
current collectors inside a stack, while stores the electro-active species in externally in circulated flowing liquid
electrolytes®. Such a unique liquid electrode design offers independent scaling of energy and power, modular
construction, and replaceability of defective components for storing energy®. However, the energy density of con-
ventional RFBs based on aqueous electrolytes is relatively low, generally limited to ca. 30 W h-L~'. The low energy
density arises from the low discharge voltage restricted by the water electrolysis window, limited solubility of the
active species, and only one-electron transfer per active molecule in most RFB chemistries*”. Alternatively, tak-
ing advantage of multi-electron-transfer redox reaction of metals like Zn and Fe, or low redox potential of alkali
metals, hybrid RFBs, which uses one solid-state battery electrode such Zn, Al and alkali metals instead of liquid
electrolytes, may offer the possibility to achieve higher energy density®-'°. Since the volumetric capacity of the
electrolyte is usually measured as the amount of energy stored per unit volume, which equals to Nc,F/n, where N,
¢ F and n are the number of electrons involved in the redox reaction, the concentration of active redox species,
the Faraday constant, and the electrolyte volumes contributing to redox reactions, respectively'!, an improvement
in volumetric capacity requires maximization of both the concentration of active redox species and the number
of electrons involved in the redox reaction. Besides, increasing the RFB operating voltage has been hampered to
date by migration of the redox molecule with sufficiently negative potential to the anode’?.

It’s therefore necessary to emphasize that the cost and energy density together with material availability and
environmental benignity are major criterions needed consideration for grid-scale electrical energy storage appli-
cations. Among the developed anode materials for RFBs, Zn is an interesting material because of its availability,
negative electrode potential, and two-electron transfer despite that the capacity of Zn-based hybrid redox flow
RFBs is limited by the amount of Zn*" deposited in the anode chamber. For aqueous electrolyte, the reaction
between Zn and water usually yields undesired hydrogen evolution®. This causes a gradual self-corrosion of Zn
and lowers the active material utilization'*. Meanwhile, aprotic electrolytes are beneficial to the cyclability of the
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Zn electrodes and are also able to suppress the self-corrosion of Zn and eliminate carbonation'>!¢. However, the
solubility of Zn salts is much lower in aprotic electrolytes compared with the aqueous counter parts.

Herein, we report a Zn-based, aprotic deep-eutectic-solvent as anolyte potentially applicable to hybrid RFBs.
Deep-eutectic-solvents are systems formed from a eutectic mixture of Lewis or Brensted acids and bases which
can contain a variety of anionic and/or cationic species. Compared with other aprotic solvents or ionic liquids
used in RFBs, deep-eutectic-solvents are usually biodegradable, and readily available from inexpensive com-
pounds. In this demonstration, ZnCl, and acetamide have been used to form eutectic solvent based on the
considerations: i) eutectic solvents usually exhibit a low vapor pressure, relatively wide liquid-range, and non-
flammability, as well as small surface tension, which suggest good wettability with electrode'’; and ii) Zn*t/Zn
shows a low redox potential of —0.98 V vs. Ag*/Ag as well as relatively low overpotential upon electroplating/
electrostripping processes. Hence, such a Zn-based eutectic solvent that has self-contained electroactive species
may serve as an ideal anolyte for the pursuit of greener RFBs with high volumetric capacities.

Experimental Section

Synthesis. To prepare Zn eutectic solvent, acetamide (99%, Alfa Aesar) and ZnCl, (anhydrous, 99.99%, Alfa
Aesar) with different molar ratio were mixed under constant stirring at 60 °C to accelerate the formation of Zn
eutectic solvent until a transparent liquid formed. To decrease viscosity and enhance ionic conductivity, EC/
DMC (3/7, v/v, water content < 30 ppm) and bis(trifluoromethane)sulfonamide lithium salt (LiTFSI, anhydrous,
99.95%, Sigma Aldrich) were added into of the as-prepared Zn eutectic solvent. The density of Zn eutectic sol-
vents with ZnCl, molar fraction of 13.7%, 16.7% and19.4% are 2.02, 2.16, and 2.29 g-cm™, respectively. The con-
centration of the anolytes used for evaluating Zn electroplating/electrostripping efficiency is adjusted by EC/
DMC solvent. The ZnCl, concentration in the Zn-based eutectic solvent are 4, 4.25, 4.5, 4.75, 5, 5.25, 5.5, 5.75,
6, 6.25, 6.5, 6.67 M, and the corresponding density is 2.17, 2.22, 2.27, 2.33, 2.38, 2.43, 2.48, 2.54, 2.59, 2.64, 2.70,
2.73 g-cm 3, respectively. The concentration of LiTFSI was fixed to 0.6 M in all Zn eutectic mixtures. To prepare
[Fe(phen);](BF,),, FeSO,-7H,0 (12 mmol, 98%, Alfa Aesar) and 1,10-phenanthroline monohydrate (36 mmol,
97%, Alfa Aesar) were firstly dissolved in 50 mL distilled water under strong magnetic stirring under N, atmos-
phere, followed by heating up to 70 °C and maintaining at this temperature for 2 hrs. Then, excess NH,BF,
(40 mmol, 97%, Alfa Aesar) was added into the solution and maintained at 90 °C for another 2 hrs. Afterwards,
the precipitation was collected by centrifuging and washed with a small amount of frozen deionized water for
several times to remove NH,Cl content. The solid was obtained after solvent removal by spin steaming, followed
by filtering with silica gel, and washed with acetonitrile. Finally, Further purification was carried out by drying in
vacuum to remove the residual water.

Characterizations. DSC (Perkin-Elmer DSC-7 calorimeter) measurement was carried out by calibrating
with indium and flushed with N, and scanning at a rate of 10°C-min~! from —70°C to 100°C using about 10pL
of the Zn eutectic solvent packed in standard aluminum pans. Fourier Transform infrared spectroscopy (FTIR,
Perkin-Elmer spectrophotometer) spectra were collected in the frequency range of 4000-400 cm ™! at room tem-
perature with a resolution of 4 cm ™. The viscosity and conductivity of the Zn eutectic mixture were determined
by a rotary viscometer (NDJ-1 Shanghai Yueping Scientific Instrument Corporation Limited, China) and con-
ductivity meter with four channel conductivity electrodes (STARTER 300 C), respectively. Scanning electron
microscopy (SEM, Zeiss Supra 55) image showing the surface structure of Zn foil was recorded after washing
with pure ethylene carbonate and dimethyl carbonate. Cyclic voltammetry tests were performed on a potentio-
stat (CHI760E, CH Instruments) with a three-electrode configuration of with glassy carbon as the working and
counter electrodes, and silver chloride electrode as the reference electrode. Galvanostatic cycling performance
was performed on a potentiostat (BT-2043, Arbin Instruments) with current density of 0.12mA-cm™2 in the
potential range of 1-2.3V and 0.5-2.5V for Zn eutectic mixture | [Fe(phen);](BF,), and Zn eutectic mixture|Lil
cells, respectively. Rotation disk electrode (RDE, ALS RRDE-3A) voltammetry investigation was carried out
using glassy-carbon as working electrode, Pt wire as counter electrode and silver chloride electrode as reference
electrode. The electrolyte was composed of 2.5 mM [Fe(phen);](BF,), and 0.25M LiTFSI in ethylene carbonate
and dimethyl carbonate (3:7, v-v). The working electrode was rotated at 625, 900, 1225, 1600, 2025, 2500, 3025,
3600 and 4225 rpm, while the voltage was linearly swept from 0.65 to 1.05 V vs. Ag/AgCl at a sweeping rate of
10mVs~!. NMR spectra (Advance 600 MHz Bruker spectrometer) were recorded using CDCl; (or Dg-DMSO)
with tetramethylsilane (TMS) as the internal standard. 'H NMR (600 MHz, CDCl;, ppm) of 1,10-phenanthroline:
$=9.18(dd,*J=4.5Hz,9=1.8Hz,2H),8.24 (dd, ’J=7.8 Hz,¥J=1.8 Hz,2H), 7.78 (s, 2H), 7.62 (dd, *J= 7.8 Hz,
4J=4.2Hz, 2 H); '"H NMR (600 MHz, D;-DMSO, ppm) of [Fe(phen);](BE,),: 5=8.80 (dd,*/=7.8 Hz,¥/=1.2Hz,
2H), 8.40 (s, 2H), 7.75 (dd, J=8.1Hz, 4/ =5.1Hz, 2H), 7.71 (dd, *J= 5.4 Hz, 9 = 1.2 Hz, 2 H) (Fig. S1,
Supplementary material).

Calculation details.  The first principles calculations are performed using the Gaussian 09 software based
on DFT combined with multiwfn software!®!°. The structure optimization of [Fe(phen);]** and [Fe(phen),]**
is performed using the B3lyp as the functional and 6-31 g(d,p)/lanl2dz as the mixed basis sets for C, N, H and
Fe, respectively?. The structure optimization of Zn (II) complexes is performed using the B3lyp/def2tzvp
level of theory?!. The B3lyp/def2tzvp level of theory was selected to optimize the structure of Zn (II) com-
plexes without imaginary frequencies. The hydrogen bond interaction energy was calculated using B3lyp/6-
311g*. The interaction energy (AE) between different molecules was calculated as the difference between the
total energy of the complex and the individual energy according to AE=E,, — E, — E,*% where E is the
single point energy after structure optimization without imaginary frequencies, E,,, is the single point energy
of acetamide and x (x stands for acetamide, EC or DMC), E,, is the single point energy of acetamide, and E,
is the single point energy of acetamide, EC or DMC. The dissociation energy was calculated to: AE = E,(y)
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Figure 1. (a) Digital images showing the formation process with time of Zn eutectic solvent; (b) digital images
showing the effect of different ZnCl, molar fraction on the formation of Zn eutectic solvent; (c) optimized
coordination geometries of Zn(II) complexes in the eutectic solvent.

— (Eyn+ Eq + nE,.,), where AE is the dissociation energy; E,,.(y) is the total energy of [ZnCl(acetamide)]™,
[ZnCl(acetamide),] ", and [ZnCl(acetamide);]*, respectively; E,,, E¢;, and E,, are the energy of Zn**, Cl~ and
acetamide, respectively; 7 is the number of acetamide contained in the Zn(II) complexes. The activation energy
was calculated according to the dynamical electron transfer theory using AG=0.25 (A,G+ \)*/ A, where AG
is the Gibbs energy of activation, A G is the standard reaction Gibbs energy for electron transfer process:
[ZnCl(acetamide),]* +2e~ — Zn + Cl~ + n(acetamide), and ) is the reorganization energy?.

Results

The Zn-based eutectic solvent was readily prepared by simply mixing ZnCl, with acetamide under constant stir-
ring at 60 °C. The mixing process was quick that a transparent liquid formed within 15min (Fig. 1a). The lower
and upper molar fraction limits of ZnCl, for the formation of a stable eutectic solvent were determined to be
13.7% and 19.4%, respectively (Fig. 1b). The existence of Zn?* in the eutectic solvent have been determined
to be [ZnCl(acetamide)]™, [ZnCl(acetamide),]* and [ZnCl(acetamide);]*?*. Optimized coordination geometry
of these Zn(II) complexes (Fig. 1¢c) revealed that [ZnCl(acetamide)]t was likely to be linear structure, while
[ZnCl(acetamide),]* and [ZnCl(acetamide);]" was likely to be triangle and tetrahedral structure. These Zn(II)
complexes should not formed through a hydrogen bond, but more probably through an oxygen bond between
the acetamide and Zn?" center. Such a coordination geometry suggested that the upper limit of ZnCl, at which
the Zn eutectic solvent could be held should depend upon the stability of acetamide molecule. The Zn eutectic
solvent would not decompose but rather lose the organic component at elevated temperatures close to the boiling
point of the pure component.

Power-compensated differential scanning calorimetry (DSC) measurement indicated that the as-prepared Zn
eutectic solvent showed a lowest freezing temperature of —38°C at a ZnCl, molar ratio of 16.7%, and no phase
change was observed up to 100 °C (Fig. 2a). Such a wide temperature range should be superior to most aqueous
and aprotic electrolyte used for RFBs. However, it’s necessary to point out that, as found in other eutectics?>*,
the as-prepared Zn eutectic solvent exhibited relatively high viscosity of 10-25 cP in the ZnCl, concentration
rage of 4.5-6.5M (Fig. S2, Supplementary material), which should be resulted from the charge delocalization
occurred through the hydrogen bonding between halide ion and hydrogen-donor moiety®. Decrease the vis-
cosity would allow sufficient mass transport and thus enhance the conductivity, because the molar conductivity
of an electrolyte should be inversely proportional to the viscosity of the solvent according to the Stokes’ law?’.
According to the calculation results, by adding ethylene carbonate/dimethyl carbonate (EC/DMC, 3:7, v- v) into
the Zn eutectic solvent, interaction among the solvent molecules could be weakened by means of tuning differing
degrees of hydrogen bonding among acetamide, EC and DMC molecules (Fig. S3, Supplementary material). The
resultant Zn eutectic mixture showed decreased viscosity of 1-16 cP with equivalent Zn®* concentration ranging
from of 4 to 7 M (Fig. 2b) and ionic conductivity of 10~ S-cm™! (Fig. 2c), comparable to the nonaqueous electro-
lytes for Li-ion batteries?. It should be noted that the participation of EC and DMC molecules lead to weakened
molecular interactions rather than affected the coordination geometries of Zn** as evident by Fourier Transform
infrared (FTIR) spectra (Fig. 2d). On one hand, the obvious red-shifted broad band between 3600 and 3100 cm™!
could be assigned to the hydrogen bond forming between amine and carbonyl groups of acetamide®. This broad
band showed a redshift after the adding of EC/DMC solvent, indicating that molecular interaction by hydrogen
bonding was weakened, consistent with aforementioned calculation results. On the other hand, pure acetamide
showed a characteristic band at ca. 1670 cm™! is assigned to the vibration of carbonyl group, which showed a blue
shift to ca. 1650 cm™ after the formation of Zn eutectic solvent by resulting from the formation of metal oxygen
bond between Zn?* and C=0 group of acetamide. This band remained at the same wavenumber after the adding
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Figure 2. Characterization of Zn eutectic solvent. (a) Power-compensated DSC heating and cooling hysteresis
profile of the as-prepared Zn eutectic solvent in a temperature range from —80 to 100 °C; (b) room-temperature
viscosity and (c) ionic conductivity of Zn eutectic solvent; (d) FTIR spectra of acetamide, Zn eutectic solvent
and Zn eutectic mixture. The equivalent concentration of ZnCl, in the Zn eutectic mixture is 5 M.

of EC/DMC solvent, suggesting that the introducing of EC and DMC molecules into the Zn eutectic solvent did
not affect the coordination geometries of Zn**.

The cell used to evaluate the electrochemical performance of Zn-based eutectic mixture as anolyte was carried
out in a home-built cell similar to previous reports®. The cell was composed of carbon electrode and Zn foil as
current collector in cathode and anode side, respectively, Zn-based eutectic mixture as anolyte, a Li*-ion conduc-
tive membrane as separator, and other solutions containing redox species with proper redox potential as catholyte
(Fig. S4, Supplementary material). In this demonstration, Lil and [Fe(phen);](BF,), (phen = 1,10-phenanthroline)
were used as the active material in the catholyte because [Fe(phen);]**/[Fe(phen);]** redox couple shows good
structural stability both in oxidative and reductive states, fast redox kinetics with rate constant on the order
of 107% cm-s~! at room temperature, high redox potential of 0.68 V vs. Ag/AgCl, and stable cyclability as well
as cycling efficiencies and in aprotic electrolyte (Figs S5-S7, Supplementary material), while I;7/I" redox cou-
ple shows reliable reversibility as well as high solubility in aqueous electrolyte®'-3. The as-fabricated cell was
in its discharged state. Upon charging, [Fe(phen);]** was oxidized into [Fe(phen);]** on the carbon electrode
in the cathode chamber, while Zn(II) complex in the eutectic mixture was electroplated onto the Zn foil in the
anode chamber. Simultaneously, the charge carrier, Li*, diffused from the catholyte into the anolyte to balance
the charge.

The electrochemical properties of Zn eutectic mixture were firstly investigated to address some general con-
cerns about its capability for practical battery application. The electrochemical stability of Zn eutectic mixture
was first investigated using a conventional three-electrode configuration with glassy carbon as the working and
counter electrodes, and silver chloride electrode as the reference electrode. Cyclic voltammogram profile of the
Zn eutectic mixture (Fig. 3a) demonstrated that no obvious current fluctuation was observed in the potential
range of —0.8 to 1.3V vs. Ag/AgCl. Potential lower than —0.8 V vs. Ag/AgCl resulted in Zn?" electroplating,
while potential higher than 1.3V vs. Ag/AgCl led to the decomposition of acetamide. The Zn eutectic mixture
showed an impressive electrochemical stable window up to 1.3V vs. Ag/AgCl, which is comparable with most
organic electrolyte used in Li*-ion batteries®*. Moreover, the utilization ratio of Zn eutectic mixture with variable
ZnCl, concentration was examined in a half-cell (5M Zn eutectic mixture | separator | Li). Zn eutectic mixture
showed a high electroplating/electrostripping ratio close to 100% when the concentration of ZnCl, between 4.5
and 6.25 M, compared with that obtained when the concentration of ZnCl, below 4.5 or above 6.25M (Fig. 3b).
This phenomenon could be attributed to phase separation of Zn eutectic mixture according to the general phase
diagram of eutectics?. Furthermore, short term cycling test (Fig. 3c) revealed that the half-cell showed stable
charge/discharge potential around 2.33/2.12V vs. Li*/Li. The potential gap was ca. 0.25V at the first a few cycles
but gradually decreased to ca. 0.2 V in the subsequent cycles, which should be attributed to decreased internal
resistance owing to the enhanced wettability between Zn eutectic mixture and Zn foil, as well as improved perme-
ation of Li*-ion through the separator. It's important to note that Zn deposited from deep-eutectic-solvents tends
to have a compact microcrystalline structure, in contrast to Zn deposited from aqueous electrolytes which tends
to have a dendritic structure in the absence of strong base additives!®. The current collector after electroplating for
sufficient time (Fig. S8, Supplementary material) was examined by Ex-situ SEM, which confirmed a dendrite-free
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Figure 3. Electrochemical characterizations of 5M Zn eutectic mixture | separator | Li half-cell. (a) Cyclic
voltammogram profile recorded at a sweeping rate of 10mV-s~! showing the electrochemical window of Zn
eutectic mixture; (b) electroplating/electrostripping ratio (,juing/ Fsiripping) Versus ZnCl, concentration (cz,) of Zn
eutectic mixtures at room temperature. The cut-off voltage is set to 0.9-2.3 V vs. Li*/Li and the current density
is set to 0.2 mA-cm~2; (c) short-term cycling performance. The charging and discharging time is fixed to 2.5 hrs,
and the current density is set to 0.2 mA-cm™~2 (d) SEM image showing the typical morphology of electroplated
Zn on Zn foil in a fully discharged half-cell.

Zn electroplating (Figs 3d and S9, Supplementary material), possibly resulting from the lowered electroplating
exchange current due to acetamide coordination with Zn?* 3.

In the following full cell test, [Fe(phen);]*™/[Fe(phen),]*" redox couple dissolved in EC/DMC with 0.8 M
LiTFSI was used (5M Zn eutectic mixture | separator | 0.2 M [Fe(phen);]**/[Fe(phen);]**). The cell showed a
pair of anodic and cathodic peaks centering at 2.1 and 1.2V, respectively (Fig. S10, Supplementary material).
Galvanostatic cycling profiles of the full cell demonstrated stable cycling performance (Fig. 4a). During discharge,
the voltage decreased monotonically until reaching the 1V cutoff. While upon charging, the voltage jumped to
1.8V, and then increased monotonically until reaching the 2.4V cutoff. The average overpotentials were similar
during the discharge and recharge processes, suggesting that the electrochemical steps involved in the forward
and reverse cell reactions exhibited similar activation energies. The Coulombic and energy efficiency maintained
ca. 100% and 78%, respectively (Fig. 4b). During the first 30 cycles, the cell showed a steady increase in capacity,
which eventually stabilized to ca. 3 Ah-L™! based on the total volume of the anolyte and catholyte. To further
demonstrate the capability of the Zn eutectic mixture, excess concentrated Lil aqueous solution was used as the
catholyte (5M Zn eutectic mixture | separator | 3 M LiI). The cell was able to deliver a volumetric capacity of ca.
90 Ah-L~! based on the volume of the anolyte (Fig. 4c), corresponding to a utilizable concentration ca. 1.7 M out
of 6.25M ZnCl, in the Zn eutectic mixture could be reversibly used. The Coulombic efficiency of the full cell was
nearly 100% in the initial cycle, which was in consistent with that achieved in the half cell with ZnCl, concentra-
tion between 4.5M and 6.25 M. In consideration of two-electron redox reaction of Zn?*, such a high concentra-
tion exceeded that of the commonly used stability limit (<1.7 M) for RFBs*.

Discussion

The mechanism of Zn electroplating/electrostripping in the Zn eutectic mixture was studied using DFT-based
computational simulation (Fig. 5). The calculation results (Table S1, Supplementary material) indicated that
the dissociation energy to break the coordination geometry of [ZnCl(acetamide)]*, [ZnCl(acetamide),]* and
[ZnCl(acetamide);] " was —498.88, —555.65 and —602.08 kcal-mol 1, respectively, indicating that, on one hand,
the strength of coordinated interaction followed the order of [ZnCl(acetamide);]* > [ZnCl(acetamide),] " >
[ZnCl(acetamide)]* with [ZnCl(acetamide);]" being the most stable geometry; on the other hand, Zn electro-
plating/electrostripping processes were not likely to occur through direct dissociation of Zn(II) complexes in
the Zn eutectic mixture due to such a high dissociation energy. Further analysis on the activation energy of
the three coordination geometries revealed that [ZnCl(acetamide)]* and [ZnCl(acetamide);]* were responsi-
ble for Zn electroplating and electrostripping, respectively. In the electroplating process, [ZnCl(acetamide)]™
showed an activation energy of 0.12kcal-mol~!, compared with those of 9.08 kcal-mol~! and 13.54 kcal-mol ! for
[ZnCl(acetamide),] " and [ZnCl(acetamide);] ", respectively, indicating that the electroplating process should
be more thermodynamically preferable for [ZnCl(acetamide)]™ being electrochemically reduced to Zn than the
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Figure 4. Electrochemical characterizations of Zn eutectic mixture | [Fe(phen);](BF,), and Zn eutectic mixture
| Lil cells. (a) Charge/discharge profiles of Zn eutectic mixture | [Fe(phen);](BE,), cell assembled from 5M Zinc
eutectic mixture as anolyte and 0.2 M [Fe(phen);](BF,), and 0.8 M LiTFSI in EC/DMC as catholyte. The volume
ratio of the anolyte and catholyte is 1:2; (b) corresponding charge/discharge capacity, Coulombic efficiency (CE)
and energy efficiency (EE). The normalized capacity stands for the value of the actual capacity divided by the
maximum capacity under such a cell configuration; (¢) charge/discharge profiles of Zn eutectic mixture | Lil

cell assembled using 6.25 M Zinc eutectic mixture as anolyte and 3 M Lil aqueous solution as catholyte with a
volume ratio of 1:2. The capacity is calculated based on the volume of the Zinc eutectic mixture.
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other two geometries. The Zn electroplating processes were supposed to composed of two dynamic equilibrium
processes and one major path through reactions (1-3):

[ZnCl(acetamide);]Cl + [ZnCl(acetamide),]Cl + acetamide (1)
[ZnCl(acetamide),]Cl < [ZnCl(acetamide)]Cl + acetamide (2)
2[ZnCl(acetamide)]Cl + 2e~ «+» Zn + [ZnCl(acetamide),|Cl + CI” (3)
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While in the electrostripping process, however, the activation energy of [ZnCl(acetamide);]* was found
to be 148.063 kcal-mol 7, lower than those of the other two geometries of 188.483 and 163.536 kcal-mol ™! for
[ZnCl(acetamide)] ™ and [ZnCl(acetamide),] ™, respectively. Therefore, it’s likely Zn electrostripping occurred
preferably following one major path via reaction (4):

Zn + CI” + 3acetamide — 2¢~ < [ZnCl(acetamide)3]+ (4)

Conclusions

we present here a successful demonstration of the utilization of Zn-based deep-eutectic-solvent that can be read-
ily prepared using inexpensive and abundant materials as anolyte for hybrid RFBs. The new chemistry applied
here is inherently environmental-friendly and elementally abundant. The Zn eutectic mixture is capable to utilize
1.7 M electroactive Zn** thus delivers a volumetric capacity ca. 90 Ah-L™! with good cycling efficiencies. Zn
electroplating/electrostripping in this anolyte shows good reversibility and no sign of dendrite formation. Zn
electroplating/electrostripping process is investigated by DFT-based computational simulation, based on which
the Zn redox reaction mechanism has been proposed. The cell architecture is compatible with traditional hybrid
RFBs and can be readily scale-up. Together with its low cost and environmental benignity, such an anolyte may
find its application in stationary electric energy storage with the rapidly growing quest for greener and more
sustainable batteries.

References

1. Yang, Z., Zhang, J., Kintner-Meyer, M. C. W,, Lu, X., Choi, D., Lemmon, J. P. & Liu, J. Electrochemical energy storage for green grid.
Chem. Rev. 111, 3577-3613 (2011).

2. Soloveichik, G. L. Flow batteries: current status and trends. Chem. Rev. 115, 11533-11558 (2015).

3. Noack, J., Roznyatovskaya, N., Herr, T. & Fischer, P. The chemistry of redox-flow batteries. Angew. Chem. Int. Ed. 54, 9775-9808
(2015).

4. Weber, A. Z., Mench, M. M., Meyers, J. P, Ross, P. N., Gostick, J. T. & Liu, Q. Redox flow batteries: a review. J. Appl. Electrochem. 41,
1137-1164 (2011).

5. Leung, P, Li, X., de Ledn, C. P, Berlouis, L., Low, C. T. J. & Walsh, F. C. Progress in redox flow batteries, remaining challenges and
their applications in energy storage. RSC Adv. 2, 10125-10156 (2012).

6. Skyllas-Kazacos, M., Chakrabarti, M. H., Hajimolana, S. A., Mjalli, F. S. & Saleem, M. Progress in flow battery research and
development. J. Electrochem. Soc. 158, R55-R79 (2011).

7. Zhao, Y., Ding, Y., Li, Y., Peng, L., Byon, H. R, Goodenough, J. B. & Yu, G. A chemistry and material perspective on lithium redox
flow batteries towards high-density electrical energy storage. Chem. Soc. Rev. 44, 7968-7996 (2015).

8. Manohar, A. K., Kim, K. M., Plichta, E., Hendrickson, M., Rawlings, S. & Narayanan, S. R. A high efficiency iron-chloride redox flow
battery for large-scale energy storage batteries and energy storage. J. Electrochem. Soc. 163, A5118-A5125 (2016).

9. Wu, M., Zhao, T., Jiang, H., Zeng, Y. & Ren, Y. High-performance zinc bromine flow battery via improved design of electrolyte and
electrode. J. Power Sources. 355, 62-68 (2017).

10. Lu, Y., Goodenough, J. B. & Kim, Y. Aqueous cathode for next-generation alkali-ion batteries. J. Am. Chem. Soc. 133, 57565759
(2011).

11. Li, B., Nie, Z., Vijayakumar, M., Li, G., Liu, J., Sprenkle, V. & Wang, W. Ambipolar zinc-polyiodide electrolyte for a high-energy
density aqueous redox flow battery. Nat. Commun. 6, 6303 (2015).

12. Goodenough, J. B. Electrochemical energy storage in a sustainable modern society. Energy Environ. Sci. 7, 14-18 (2014).

13. Bard, A. J., Parsons, R. & Jordan, J. Standard potentials in aqueous solution. CRC Press, New York (1985).

14. Li, Y. & Dai, H. Recent advances in zinc-air batteries. Chem. Soc. Rev. 43, 5257-5275 (2014).

15. Simons, T. J., Torriero, A. A. J., Howlett, P. C., MacFarlane, D. R. & Forsyth, M. High current density, efficient cycling of Zn>* in
1-ethyl-3-methylimidazolium dicyanamide ionic liquid: The effect of Zn** salt and water concentration. Electrochem. Commun. 18,
119-122 (2012).

16. Xu, M., Ivey, D. G., Xie, Z. & Qu, W. Electrochemical behavior of Zn/Zn(II) couples in aprotic ionic liquids based on pyrrolidinium
and imidazolium cations and bis(trifluoromethanesulfonyl)imide and dicyanamide anions. Electrochim. Acta 89, 756-762 (2013).

17. Smith, E. L., Abbott, A. P. & Ryder, K. S. Deep eutectic solvents (DESs) and their applications. Chem. Rev. 114, 11060-11082 (2014).

18. Frisch, M. J. et al. Gaussian 09, revision A.01, Gaussian, Inc., Wallingford (2009).

19. Walters, P. L. & Makri, N. Quantum-classical path integral simulation of ferrocene-ferrocenium charge transfer in liquid hexane. J.
Phys. Chem. Lett. 6,4959-4965 (2015).

20. Zheng, Q, Niu, Z., Ye, J., Zhang, S., Zhang, L., Li, L., Zhao, Y. & Zhang, X. High voltage, transition metal complex enables efficient
electrochemical energy storage in a Li-ion battery full cell. Adv. Funct. Mater. 27, 1604299 (2017).

21. Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn:
design and assessment of accuracy. Phys. Chem. Chem. Phys. 7, 3297-3305 (2005).

22. Abdulnur, S. E & Laki, K. Complete neglect of differential overlap study of the binding of salts to N-methyl acetamide. J. Biophys. 28,
503-509 (1979).

23. Atkins, P. & Paula, J. de. Atkins’ Physical chemistry, 7" Ed., Beijing Higher Education Press, Beijing. pp. 1016 (2006).

24. Abbott, A. P, Barron, J. C., Ryder, K. S. & Wilson, D. Eutectic-based ionic liquids with metal-containing anions and cations. Chem.
Eur. J. 13, 6495-6501 (2007).

25. Zhang, C., Ding, Y., Zhang, L., Wang, X., Zhao, Y., Zhang, X. & Yu, G. A sustainable redox-flow battery with an aluminum-based,
deep-eutectic-solvent anolyte. Angew. Chem. Int. Ed. 56, 7454-7459 (2017).

26. Wang, Y. & Zhou, H. A green and cost-effective rechargeable battery with high energy density based on a deep eutectic catholyte.
Energy Environ. Sci. 9, 2267-2272 (2016).

27. Wang, H,, Jing, Y., Wang, X., Yao, Y. & Jia, Y. Ionic liquid analogous formed from magnesium chloride hexahydrate and its physico-
chemical properties. J. Mol. Lig. 163, 77-82 (2011).

28. Goodenough, J. B. & Kim, Y. Challenges for Rechargeable Li Batteries. Chem. Mater. 22, 587-603 (2010).

29. Dill, K. & Bromberg, S. Molecular driving forces: statistical thermodynamics in biology, chemistry, physics, and nanoscience.
Garland Science, San Diego (2010).

30. Zhao, Y., Ding, Y,, Song, J., Peng, L., Goodenough, J. B. & Yu, G. A reversible Br,/Br~ redox couple in the aqueous phase as a high-
performance catholyte for alkali-ion batteries. Energy Environ. Sci. 7,1990-1995 (2014).

31. Zhao, Y., Wang, L. & Byon, H. R. High-performance rechargeable lithium-iodine batteries using triiodide/iodide redox couples in
an aqueous cathode. Nat. Commun. 4, 1896 (2013).

32. Zhao, Y., Hong, M., Mercier, N. B, Yu, G., Choi, H. C. & Byon, H. R. A 3.5 V lithium-iodine hybrid redox battery with vertically
aligned carbon nanotube current collector. Nano Lett. 14, 1085-1092 (2014).

SCIENTIFICREPORTS | (2018) 8:5740 | DOI:10.1038/s41598-018-24059-x 7



www.nature.com/scientificreports/

33. Zhao, Y. & Byon, H. R. High-performance lithium-iodine flow battery. Adv. Energy Mater 3, 1630-1635 (2013).

34. Xu, K. Nonaqueous liquid electrolytes for lithium-based rechargeable batteries. Chem. Rev. 104, 4303-4418 (2004).

35. Banik, S. J. & Akolkar, R. Suppressing dendrite growth during zinc electrodeposition by PEG-200 additive. J. Electrochem. Soc. 160,
D519-D523 (2013).

36. Li, L., Kim, S., Wang, W.,, Vijayakumar, M., Nie, Z., Chen, B., Zhang, J., Xia, G., Hu, J., Graff, G, Liu, J. & Yang, Z. A stable vanadium
redox-flow battery with high energy density for large-scale energy storage. Adv. Energy Mater 1, 394-400 (2011).

Acknowledgements

We acknowledge the financial support from the National Natural Science Foundation (Grant No. 51772199), the
Major Research Plan of the National Natural Science Foundation of China (Grant No. 91333208), the National
Basic Research Program of China (Grant No. 2012CB932400), Jiangsu Planned Projects for Postdoctoral Research
Funds (Grant No. 1601055 A, 1601241 C), the Six Talent Peaks Project of Jiangsu Province, the Collaborative
Innovation Centre of Suzhou Nano Science & Technology (NANO-CIC), the Base for Introducing Talents of
Discipline to Universities (National 111 Project), and the Priority Academic Program Development of Jiangsu
Higher Education Institutions.

Author Contributions

Y.Z. and X.Z. formulated the project. YW., Q.Z. and G.D. synthesized the compounds. Z.N. performed the
theoretical analysis. YW., Q.Z. and J.Y. performed the characterizations. Y.W., Z.N., C.Z. and J.Y. analysed the
electrochemical data. Y.W., Z.N. and Y.Z. wrote the paper, and all authors contributed to revising the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24059-x.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5740 | DOI:10.1038/s41598-018-24059-x 8


http://dx.doi.org/10.1038/s41598-018-24059-x
http://creativecommons.org/licenses/by/4.0/

	Zn-based eutectic mixture as anolyte for hybrid redox flow batteries

	Experimental Section

	Synthesis. 
	Characterizations. 
	Calculation details. 

	Results

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 (a) Digital images showing the formation process with time of Zn eutectic solvent (b) digital images showing the effect of different ZnCl2 molar fraction on the formation of Zn eutectic solvent (c) optimized coordination geometries of Zn(II) comp
	Figure 2 Characterization of Zn eutectic solvent.
	Figure 3 Electrochemical characterizations of 5 M Zn eutectic mixture | separator | Li half-cell.
	Figure 4 Electrochemical characterizations of Zn eutectic mixture | [Fe(phen)3](BF4)2 and Zn eutectic mixture | LiI cells.
	Figure 5 Schematic demonstration of the dissociation energy (ΔE) of Zn(II) complexes and activation energy of [ZnCl(acetamide)]+, [ZnCl(acetamide)2]+ and [ZnCl(acetamide)3]+ during electroplating (ΔplatingG) and electrostripping (ΔstrippingG) processes in




