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Water in electrolytes is a double-edged sword in zinc-ion batteries (ZIBs). While it allows for proton insertion
in the cathode, resulting in a significant increase in capacity compared to that of organic ZIBs, it also causes
damage to electrodes, leading to performance degradation. To overcome the capacity-stability trade-off,
organic solvents containing a small amount of water are proposed to mitigate the harmful effects of water
while ensuring sufficient proton insertion. Remarkably, in a Zn(OTf), electrolyte using 8% H,O in acetonitrile
as the solvent, Zn||(NH4)o.5V20s5-0.5H,0O exhibited a capacity as high as 490 mA h g*1 at a low current
(0.3 A g}, with a capacity retention of 80% even after 9000 cycles at high current (6 A g3,
simultaneously achieving the high capacity as in pure aqueous electrolytes and excellent stability as in
organic electrolytes. We also found that the water content strongly impacts the kinetics and reversibility
of ion insertion/extraction and zinc stripping/plating. Furthermore, compared to electrolytes with pure
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Accepted 4th January 2024 acetonitrile or H,O solvents, electrolytes with only 8% H,O in acetonitrile provide higher capacities at
temperatures ranging from 0 to —50 °C. These discoveries enhance our understanding of the

DOI: 10.1039/d35c05726g mechanisms involved in ZIBs and present a promising path toward enhancing electrolyte solutions for
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Introduction

Zinc-ion batteries (ZIBs) have gained increasing attention for
their advantages of high power density, low cost, and environ-
mental friendliness, making them highly promising for various
applications."™ However, ZIBs in organic electrolytes deliver
a low capacity due to the large charge-to-radius ratio of zinc
ions, while a substantial increase in capacity is achieved for
ZIBs in water-based electrolytes owing to the “lubricating” effect
of water molecules and the capacity contribution of proton
insertion into cathodes despite the unsatisfactory long-term
stability.*** Therefore, achieving high capacity and excellent
stability simultaneously in ZIBs is crucial for enhancing their
competitiveness.

Many studies have demonstrated that water plays a crucial
role in the performance of cathodes in ZIBs."**"'® For example,
our previous investigation utilized density functional theory
(DFT) calculations to reveal that the presence of water in
interlayers plays a crucial role in creating a smooth electrostatic
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the creation of high-performance ZIBs.

environment between V,Os sheets.!” This facilitates facile Zn**
diffusion due to the combined effects of “charge shielding” and
the interaction between O in H,O and Zn>*. A recent study by Lu
et al. similarly highlighted the significant impact of the inter-
layer water content in V,05-nH,O on the capacity.'® Drawing
from our previous work, we noted that water from electrolytes
could enter the interlayers of some layered vanadium oxides,
such as V,05-nH,0, Zn,1V,05-1nH,0 and MV¢O;6-nH,0 (M =
Na, K, NH,").1>1%% Consequently, the water content in the
electrolyte also plays a crucial role in improving the perfor-
mance. Additionally, the presence of water serves to supply
protons for insertion into the positive electrode interlayer.>*>*
Due to their small size and low migration energy barriers,
protons can rapidly migrate within the positive electrode phase
and fully utilize more active sites, increasing the capacity and
approaching the theoretical capacity of the positive electrode
material. For example, both Nazar's team and our team showed
that the presence of water as a solvent can increase the inter-
layer distance of V,05-nH,0 and V;0;-nH,0 from 10 Ato 13
A213161 In Zn**-based electrolytes that use pure acetonitrile as
a solvent, the -capacity of V;0,-H,O is approximately
150 mA h g~ * since only zinc ions undergo reversible insertion/
extraction during charge and discharge. However, when the
electrolyte is switched to a water-based electrolyte, the capacity
increases to 400 mA h ¢~ due to proton insertion.® Currently,
proton insertion is achievable in a wide range of positive elec-
trode materials, including manganese-based oxides, vanadium-
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based oxides, Prussian blue analogs, and organic compounds,
thereby enhancing their capacity.”*** Among these cathode
materials for ZIBs, manganese-based oxides suffer from slow
kinetics, manganese dissolution, and structural collapse,
whereas Prussian blue and organic materials have lower specific
capacities.*>*** In contrast, vanadium-based materials have
high theoretical specific capacities (e.g.,, V,Os can reach
588 mA h g %) and large interlayer spacing (approximately 13 A),
exhibiting excellent rate performance and hence garnering
extensive attention from researchers.®*3” As a result, several
ideal vanadium-based positive electrode materials have been
developed, such as Zn,V,05-nH,0, (NH,4),V;00,5-nH,0 (NVO),
ZnVe0,6-8H,0, and Na,V0;6-8H,0.>'%193843 Therefore, as
a proof-of-concept, we used NVO to represent vanadium-based
cathodes in this work.

However, although water molecules can increase the
capacity of a cathode, water also poses certain problems. Proton
insertion into the cathode releases hydroxide ions that react
with zinc ions in the electrolyte, leading to the formation of
layered byproducts such as zinc sulfate hydroxides and zinc
hydroxides. For example, in an aqueous zinc sulfate electrolyte,
proton insertion leads to the formation of Zn,(SO4)(OH)s-nH,0
nanoflakes on the cathode surface, and the reversibility of these
nanoflakes directly impacts the cycling stability of ZIBs.">?***° In
addition, water molecules cause dissolution and phase transi-
tion problems in vanadium-based materials, leading to poor
long-term cycling performance.*** Apart from the negative
effects on the cathode, the presence of water molecules in the
electrolyte of zinc-ion batteries also leads to the hydrogen
evolution reaction and the generation of a large amount of
byproducts on the negative electrode, reducing the reversibility
of the zinc negative electrode and the utilization of zinc.*>*%*

In brief, while water has a positive role in increasing the
capacity, excessive water is also the main cause of instability in
the vanadium-based cathode and zinc anode, thus limiting the
long-term cycling performance of aqueous ZIBs in practical
applications. Therefore, achieving a balance between the roles
of water in the capacity and stability of ZIBs necessitates precise
control of the water content and the solvation structures
surrounding Zn>" ions.***® To this end, super-concentrated
solvent-in-salt electrolytes (SISEs) such as 30 m ZnCl, and 1 m
Zn(TFSI), + 20 m LiTFSI have been explored; these electrolytes
can reduce the water content and modify the solvation struc-
tures of Zn®>* ions by replacing water molecules with TFSI™
ions.**** However, the susceptibility of C1™ to oxidation and the
high cost of these SISEs limit their practical application.
Although electrolyte additives such as methanol, N-methyl-2-
pyrrolidone, dimethyl sulfoxide, and polyacrylamide have
been investigated for their ability to modify the solvation
structure of Zn>" ions in dilute solutions, the quantity of these
additives is much lower than that of water, and their effective-
ness in mitigating side reactions on the Zn anode is
limited.***>*® Moreover, the water content in the electrolyte
remains excessively high for the cathode and a systematic
exploration of the potential impact of these additives on the
cathode is lacking.
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Herein we propose the use of organic electrolytes containing
a small amount of water to enable sufficient proton insertion to
increase the capacity while suppressing the harmfulness of the
electrolyte on both the cathode and anode. Our study demon-
strated that even a small quantity of water can significantly
enhance the capacity of ZIBs, approaching that of aqueous ZIBs.
The water content in electrolytes strongly affects the solvation
structures surrounding Zn>" as well as the physical properties
(such as ionic conductivity, the electrochemical stability
window, and anti-freezing properties) of electrolytes. Systematic
experiments reveal that the water content and organic solvents
have a significant impact on the stability of the cathode material
and Zn anode, together with the reversibility of ion insertion/
extraction and zinc plating/stripping, which ultimately deter-
mine the long-term cycling stability of ZIBs. Additionally, we
found that electrolytes using AN with 8% H,O as a solvent
provide higher capacities at low temperatures ranging from 0 to
—50 °C than electrolytes containing either pure AN or H,O
alone. Therefore, a thorough study of the effects of the water
content on the Zn anode and V-based cathodes not only
enhances the understanding of ZIB mechanisms but also
provides important guidance for achieving excellent perfor-
mance of ZIBs through electrolyte design.

Results and discussion

The critical role of water content in electrolytes on the
performance of zinc-ion batteries

To investigate the impact of electrolytes on capacity and long-
term cycling stability, commercial zinc foil and conventional
(NH,4)0.5V20s5-0.5H,0 (NVO) (Fig. S11) were chosen as the anode
and cathode (active mass loading of ~1 mg em~?), respectively,
for zinc-ion batteries (ZIBs). The 1 M Zn(OTf), electrolyte using
acetonitrile (AN) with minimal H,O content as the solvent was
chosen as an example for the following reasons. To precisely
assess the influence of water, selecting a solvent that does not
introduce protons is of utmost importance. Consequently, we
opted for AN as the organic solvent due to its excellent solubility
and aprotic characteristics. Additionally, Zn(OTf), was selected
because of its anhydrous nature and high solubility in various
mixtures of water and AN solvents. ZnSO, and Zn(OTf), are
widely adopted as electrolytes for ZIBs due to their superior
performance compared to other electrolytes such as ZnCl,,
Zn(OAc),, and Zn(NO3),.* However, it is important to note that
ZnSO, is not available in an anhydrous form. Furthermore,
hydrous ZnSO, (such as ZnSO,-H,0 or ZnSO,-7H,0) cannot be
dissolved in AN to achieve a 1 M concentration due to its low
solubility in aprotic solvents. Therefore, Zn(OTf), was selected
as the solute for the investigations. Finally, the electrolytes used
were 1 M Zn(OTf), in AN with varying amounts of H,O (0%, 5%,
8%, 15%, and 100% water volume ratios in solution), denoted
as E-xH,O (x represents the volume ratios of water in solution).

As shown in Fig. 1a, S2 and S3,} a capacity of 110 mA h g '
was obtained in the water-free electrolyte (pure AN), while there
was a sharp increase to 350 mA h g~ ' in 5% water and
475 mA h g~ ' in 8% water, followed by a stable capacity of
475 mA h g~ " with further increases in the water content beyond

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of Zn|[NVO in 1 M Zn(OTf), using AN solvents with various H,O contents. (a) The cycling performance at 0.5 A g~ X-ray
diffraction (XRD) patterns of (b) Zn anodes and (c) NVO cathodes at pristine states and after 100 cycles at 5 A g1 in various solvents; scanning
electron microscopy (SEM) images of Zn anodes and NVO cathodes after 100 cycles at 5 A gt in 1 M Zn(OTf), using AN solvents with various H,O
contents: (d) pure AN (E-0% H,0), (e) 8% water in AN (E-8% H,0O), and (f) pure water (E-100% H,O).

8%, even up to 100% H,O. These results indicate that only
a small amount of water contributes greatly to the capacity of
ZIBs using Zn(OTf), electrolytes in AN with different amounts of
H,0. This discovery is noteworthy, as it is the first to demon-
strate that water in conventional aqueous electrolytes is far too
excessive for achieving the highest capacity of cathodes. More-
over, Zn||NVO cells in electrolytes with less than 8% H,O
content exhibit excellent cycling performances, while the
cycling stability of Zn|NVO was found to decrease as the water
content in the electrolytes increased beyond 8% (15%, 100%).
Similar changes in capacity and cycling stability with varying
water contents (see Fig. S4T) were observed even at a high
current density (5 A g~ "). The above significant effects of water
content on capacity and cycling stability underscore the
importance of controlling the water content in the electrolyte
for optimal performance. Fig. 1b-f and S57 reveal that electro-
lytes strongly affect the deposition morphology of Zn anodes

© 2024 The Author(s). Published by the Royal Society of Chemistry

and the reversibility of NVO cathodes. After 100 cycles at
0.5 A g ' in E-0% H,0 and E-8% H,O, the Zn anode has
a smooth surface and no byproducts, and the NVO cathode
retains its well-maintained morphology without any byprod-
ucts. Conversely, when using E-100% H,O, the Zn anode has
a rough surface and a significant amount of Zn,(OTf)(-
OH),,_,-nH,0 (ZOT), while the NVO cathode shows the pres-
ence of Zn;(OH),V,0,-2H,0 (ZVO) with large nanoplates.**”
After cycling NVO in E-100% H,O, the marked decrease of NVO
peak intensity and the large increase in Znz(OH),V,0;-2H,0
peak intensity (Fig. 1c) demonstrated the dissolution of NVO
and its transformation into Zn;(OH),V,0,-2H,O (inactive for
storing Zn>*), thus leading to a significant decrease in capacity
during cycling.**

Consequently, the capacity of E-0% H,O is notably low due to
the sole insertion of Zn>*. However, the capacity increases with
increasing water content from 0% to 8%, which is attributable

Chem. Sci., 2024, 15, 2601-2611 | 2603
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to the increased availability of H'-insertion. Beyond 8% water
content, zinc-ion batteries maintain their highest capacity
because there is an excess of H' for insertion into the cathode.
Nevertheless, the excessive use of water leads to corrosion of the
Zn anode and dissolution of vanadium-based cathodes, thus
resulting in diminished long-term cycling stability. Ultimately,
at a water content of 8%, coin-type cells with a cathode mass
loading of 1 mg cm > achieved the highest capacity and
outstanding stability. Additionally, Fig. S61 shows that similar
effects of water content on capacity and cycling performance are
also observed for Zn|[NVO when utilizing electrolytes with 1 M
Zn(OTf), in methanol and dimethyl formamide with varying
amounts of H,O.

The effects of water content on the physical properties of
electrolytes

As AN and H,O are miscible, no delamination was observed in
the 1 M Zn(OTf), electrolyte with water contents ranging from
0% to 100% (Fig. S77). Fig. 2a shows that the ionic conductivity
slightly decreases from 21.3 to 19.6 mS cm ™" with increasing
H,0 content from 0% to 5% but gradually increases with
increasing H,O content from 8% to 100%. E-100% H,O has the
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highest ionic conductivity (67.4 mS em "), while E-5% H,0 has
the lowest ionic conductivity (17.5 mS cm™') among all the
electrolytes studied. This change in conductivity may be
attributed to the alteration of solvation structures around Zn>*
as the H,O content varies. Considering the substantial impact
of ionic conductivity on the IR drop, it is important to highlight
that the IR drop in zinc-ion batteries in 1 M Zn(OTf), using AN
solvent with various water contents is negligible, even at 5Ag~"
(approximately 2 mV), indicating the adequacy of the ionic
conductivities. Moreover, the comparable capacities of E-8%
H,0 and E-100% H,O in Fig. 1a reinforce the notion of ample
conductivity. At the same high Zn** concentration (1 M), the
ionic conductivity bears no direct correlation with cycling
stability, as the latter is influenced primarily by the stability and
reversibility of the electrodes. Therefore, when the ionic
conductivity reaches a sufficient level, its impact on perfor-
mance, including capacity and cycle life, becomes negligible.
The Fourier transform infrared (FTIR) spectra in Fig. 2b and
S87 reveal interesting insights into the solvation structures in
Zn(OTf), electrolytes with varying water contents. As Zn(OTf),
salts were dissolved in AN, the characteristic peak at 2293 cm ™,
which corresponds to the vibration of the -C=N bond of AN,
shifted to a low wavenumber and a peak at 2316 cm ™' appeared,
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Fig.2 Comparison of Zn(OTf), electrolytes in AN with various H,O contents. (a) The ionic conductivities, (b) FT-IR spectra and (c) UV-vis spectra
for Zn(OTf), electrolytes in AN with various H,O contents. MD simulation snapshots of (d) E-0% H,O, (e) E-8% H,O, and (f) E-100% H,O. RDFs
and the corresponding average coordination numbers of (g) E-0% H,O, (h) E-8% H,O, and (i) E-100% H,O. (j) The electrochemical stability

windows of Zn(OTf), electrolytes in AN with various H,O contents (wor
electrode: Zn foil).
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indicating the coordination of AN to Zn>".®® The intensity
decrease of the peak at 2316 cm™ ' with increasing water content
suggested a decrease in the coordination number of AN to Zn>*.
Similarly, the characteristic peaks at 1228, 1190, and 1052 cm ™"
corresponding to the (OTf)” ions shift significantly after
dissolution in AN with varying water contents, indicating the
coordination of (OTf)~ to Zn>* in the solution.® The shift to
a high wavenumber with increasing water content indicates
a decrease in the coordination number of (OTf)™ around Zn>",
The presence of H,O in the electrolyte solution is also evident
from the strengthened O-H bending vibration peak at
1630 cm ' and O-H stretching (~3300 cm™').” In addition, the
UV-vis spectra of electrolytes with varying water contents in
Fig. 2c show a gradual decrease in the adsorption peaks at
215 nm and 259-272 nm, corresponding to metal-to-ligand
electron transfer (n-w*).”*”> This decrease is likely due to
changes in the solvation structures around Zn>" with increasing
water content in the electrolytes. It is important to note that the
UV-vis spectra in Fig. 2c were obtained by excluding the solvent
absorbance of water and AN.

To gain a deeper understanding of the Zn** solvation struc-
tures and the distribution of neighboring molecules, molecular
dynamics (MD) simulations were performed. As shown in
Fig. 2d, the MD simulations reveal that the Zn(OTf), electrolyte
prepared with pure AN (E-0% H,O) consists mainly of
[Zn(AN)¢]** and [Zn(AN)(OTf);]>~ aggregates due to the strong
electrostatic interaction between Zn>" and (OTf)” ions. Upon
adding up to 8% H,0, some (OTf)~ around Zn>" are replaced by
water, which mainly results in the formation of [Zn(H,O0),(-
OTf),]>~ and [Zn(H,0),(AN),(OTf),] in E-8% H,O (Fig. 2€). In
contrast, in the Zn(OTf), electrolyte using pure H,O (E-100%
H,0), the Zn>" ions are coordinated by six H,O molecules or five
H,0 molecules and one (OTf) ™ ion (Fig. 2f). The corresponding
radial distribution functions (RDFs) and coordination number
distribution functions were further obtained (see Fig. 2g-i). In
E-0% H,0, the sharp Zn-N,y peak and Zn-Ogq¢ peak at ~2.1 A
indicate a structured arrangement of 3.4 AN and 2.6 (OTf)” on
average around Zn>" ions in the solvation shell. On the other
hand, in E-8% H,0, the Zn** solvation shell is occupied by an
average of 2 AN, 2.2 (OTf)” and 1.8 H,O, while in E-100% H,0,
the Zn** solvation shell is occupied by 0.5 (OTf) and 5.5 H,O on
average. Notably, the calculated diffusion coefficient of Zn** in
E-8% H,O is lower than that in E-0% H,0 and E-100% H,O
(Fig. S9t), which explains the lower ionic conductivity of E-8%
H,0. Overall, the solvation structure of Zn>* is strongly affected
by the water content in the electrolyte.

Fig. 2j demonstrates that the plating of Zn>" and the stability
of the electrolyte are significantly influenced by the water
content. Compared to pure aqueous electrolytes, reducing the
water content leads to a notable decrease in the Zn>" plating
potential, promoting uniform Zn>" nucleation. Simultaneously,
the potential for water oxidation increases, thereby enhancing
the overall stability of the electrolyte. It is worth noting that the
lowest plating potential is achieved in E-0% H,O, but the
observed easy oxidation in the E-0% H,O electrolyte is likely
a consequence of stainless steel (SS) oxidation in AN-based
electrolytes (as shown in Fig. S10t).” The choice of SS as the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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working electrode is driven by the consideration that ZIBs are
typically assembled in 2032 coin cells made of SS. The addition
of some water to AN helps mitigate the leaching of ions from SS,
resulting in a higher onset potential for oxidation. However, as
the water content further increases to E-100% H,O, water
oxidation becomes even easier compared to E-8% H,0. Thus,
there is a delicate balance between achieving favorable Zn**
plating conditions and ensuring the stability of the electrolyte
when adjusting the water content.

The effects of water content on cathodes

The solvation structure of Zn>* has a significant impact on the
material's stability, kinetics and reversibility of ion insertion/
extraction in the cathodes. To investigate the stability of the
cathode materials in the electrolytes, NVO cathodes were
immersed in electrolytes with varying water contents (E-0%
H,0, E-8% H,0, and E-100% H,0) for 10 days, after which the
resulting changes were analysed. The E-100% H,O solution
turned pale yellow, indicating the dissolution of NVO, while the
E-0% H,O and E-8% H,O solutions remained colourless as
shown in Fig. 3a and S11a,7 well explaining why there were no
ZVO byproducts in E-0% H,O and E-8% H,O after 100 cycles
(Fig. 1c-e). It should be noted that the crystal structures and
morphologies in the three electrolytes (Fig. S11b and S1271) were
still well-maintained in the electrolytes, suggesting that no
phase transformation occurred during immersion. These
results indicate that decreasing the water content can reduce
the dissolution of the cathode, thereby enhancing the static
stability.

The discharged NVO cathodes in Fig. 3b show no byproducts
on the cathode surface in E-0% H,O, but some ultrathin
nanoflakes cover the cathode surface in E-8% H,O and E-100%
H,0. The X-ray diffraction (XRD) patterns for discharged NVO
cathodes in various electrolytes were similar, with no peaks
attributed to the ultrathin nanoflakes due to their poor crys-
tallinity, as shown in Fig. 3c. Combined with the findings of
previous studies, the ultrathin nanoflakes are layered Zn,(-
OTf),(OH),,_, - nH,0 resulting from H" insertion.” Therefore,
the much higher capacity in E-8% H,O compared to that of E-
0% H,0 (Fig. 1a) is mainly attributed to H' insertion. Notably,
the smaller and thinner flake of Zn,(OTf),(OH),,_,-nH,0 in E-
8% H,O compared to that in E-100% H,O indicates better
reversibility (appearance and disappearance) during H'
insertion/extraction (Fig. S13-S1571), indicating better long-term
cycling stability.

The X-ray photoelectron spectroscopy (XPS) spectra in Fig. 3d
revealed that the Zn>" content in discharged NVO in E-0% H,O
increased compared to that in pristine NVO, directly demon-
strating the insertion of Zn>" (but no H" insertion due to the
absence of protons and Zn,(OTf),(OH),,_, nH,O formation)
into NVO. In contrast, Fig. 3d and S16f show that the Zn
contents in discharged NVO in E-8% H,O and E-100% H,O
greatly increased owing to the aggregation of Zn,(OTf)(-
OH),,_,-nH,O on the surface of the discharged cathodes.
Concurrently, the binding energy of V decreased, indicating
a decrease in the valence state of V, and the intensity of the V-2p
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Fig. 3 The effects of water content in the electrolytes on the cathode. (a) Optical images of NVO cathodes in various electrolytes (E-0% H,O, E-
8% H,O, and E-100% H,0) after immersion for 10 days. (b) SEM images, (c) XRD patterns and (d) Zn-XPS spectra of the NVO cathode in the
discharged state in electrolytes with various water contents. (€) CV curves at 0.2 mV s~*and (f) capacitive contribution ratio at different scan rates
from 0.2 to 1 mV s~ for the NVO cathode in electrolytes with various water contents using three electrode cells (WE: NVO cathode; CE: Zn plate;
RE: Zn ring). (g) EIS spectra at the OCV state for NVO cathodes using three electrode cells (WE: NVO cathode; CE: Zn plate; RE: Zn ring). (h) The
ionic diffusion coefficients of NVO cathodes in electrolytes with various water contents.

XPS peaks declined due to the blocking of
Zn,(OTf),(OH),,_,, - nH,0.>* These results further demonstrated
the similar co-insertion of H" and Zn?*" in E-8% H,0 and E-100%
H,0, which was different from the results obtained with only
Zn*" insertion in E-0% H,O. Therefore, an 8% H,O content
could enable sufficient H' insertion, similar to that in a pure
aqueous electrolyte (E-100% H,O0).

Although the capacity and H'-insertion in E-8% H,O and E-
100% H,O are similar, the distinct CV peaks in Fig. 3e indicate
different processes of ion insertion/extraction in E-8% H,O and
E-100% H,O. The presence of H,O and AN strongly affects the
solvation structure around Zn**, thus affecting the Zn>"/H'-
insertion kinetics associated with the redox reaction of V. The
asymmetrical appearance of the redox peaks in CV is attributed
to the reduction/oxidation of V in the cathode materials and the
sluggish ion diffusion processes in the cathode materials.
Similar complexities have been observed in previous research
articles,'>'*?>747> making it challenging to precisely distinguish
the specific meaning of each peak. Nevertheless, the changes in
the CV shape and area provide valuable information on how

2606 | Chem. Sci., 2024, 15, 2601-2611

electrolytes impact the performance of cathode materials and,
consequently, the overall behavior of ZIBs. Fig. 3f and S177
show that the capacitive ratios increase gradually with water
content at scan rates ranging from 0.2 to 1 mV s~ *, suggesting
that water promotes capacitance-type charge transfer.

To investigate the kinetics of Zn**/H" transfer at the cathode/
electrolyte interface and in the bulk of the cathode, electro-
chemical impedance spectroscopy (EIS) and the galvanostatic
intermittent titration technique (GITT) were performed. As
shown in Fig. 3g, the charge transfer resistances in E-0% H,0,
E-8% H,0 and E-100% H,O are 28, 8, and 5 Q cm?, respectively.
The gradual decrease in the charge transfer resistance with
increasing water content indicates that water promotes ion-
insertion kinetics at the interface. Notably, the ZIBs utilizing
the three different electrolytes exhibit remarkably low ohmic
resistances (less than 4 Q cm®), which lead to a negligible IR
drop of approximately 2 mV. This further underscores that the
ionic conductivity in this work is sufficiently high to meet the
requirements of ZIBs. The GITT results in Fig. 3h and S181 show
that the ion coefficients in E-100% H,O are much higher than

© 2024 The Author(s). Published by the Royal Society of Chemistry
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those in E-0% H,0. In contrast, compared to those in E-100%
H,O0, the lower ion coefficients in E-8% H,O in the middle depth
of the discharge (DOD) state indicate dominant Zn>" diffusion,
whereas similar coefficients in the high DOD states in E-8%
H,0 and E-100% H,O indicate dominant H"' diffusion. The
results directly demonstrate the critical role of water in ion
diffusion processes in the bulk of the cathode. ZIBs typically
exhibit much lower ion diffusion coefficients at the cathode
than liquid electrolytes. Overall, the water content significantly
affects the reversibility, redox processes, charge transfer at the
interface and ion transport in the bulk of the cathode. Notably,
the charge transfer resistance mainly indicates the kinetics at
the interface of the cathode and electrolyte when the battery is
in the open circuit voltage (OCV) state. This reflects the inser-
tion ability of ions into the cathodes. However, it should be
emphasized that the parameters (including ionic conductivity
and charge transfer resistance) do not directly correlate with the
capacity and cycling performance of the ZIBs.

The effects of water content on anodes

In addition, the water content in electrolytes also has a signifi-
cant effect on the static stability and reversibility of Zn
stripping/plating. After the Zn plates were immersed in elec-
trolytes with different water contents for 10 days, the Zn surface
was smooth and free of byproducts in E-0% H,O, whereas
numerous byproducts covered the Zn surface in E-8% H,0 and
E-100% H,O (Fig. 4a and S19t). Remarkably, the byproducts in
E-8% H,O exhibited a nanoflower morphology comprising
ultrathin nanosheets with poor crystallinity, as evidenced by the
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Fig.4 The effects of electrolytes with various H,O contents on the Zn
anode. (a) XRD patterns of Zn plates in the pristine state and after
immersion in various electrolytes (E-0% H,O, E-8% H,O and E-100%
H,0) for 10 days. (b) EIS spectra at the OCV state for Zn anodes using
the three electrode cells (WE: Zn plate; CE: NVO cathode; RE: Zn ring)
in various electrolytes. (c) The polarization curves at 1 mA for Zn
stripping/plating in a three electrode cell (WE: Zn plate; CE: NVO
cathode; RE: Zn ring) in various electrolytes. The inset shows the
enlargement of the blue region. (d) Cycling performance of Zn||Zn
symmetric cells at 0.5 mA cm™2 with a capacity of 0.25 mA h cm™2in
electrolytes with various water contents.
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absence of distinct peaks in the XRD patterns (Fig. 4a). In
contrast, the byproducts in E-100% H,O were nanoplates with
a size of approximately 20 um and exhibited clear XRD peaks
corresponding to crystalline Zn,(OTf),(OH),,_,-nH,0, as shown
in Fig. 4a. The pronounced crystallinity of Zn,(OTf),(OH),. -
-nH,O has a negative impact on its reversibility, creating
significant challenges for the overall performance of the Zn
anode. Therefore, reducing the water content in the electrolyte
could mitigate the corrosion of Zn, which is favorable for
enhancing the static stability.

To investigate the impact of water content on the kinetics of
Zn stripping/plating, EIS spectra and galvanostatic polarization
curves were recorded in a three-electrode cell with a zinc plate
WE, an NVO cathode CE, and a zinc ring RE. At the open circuit
voltage (OCV), the EIS spectra (Fig. 4b) reveal that the charge
transfer resistances of the Zn foil in E-0% H,0, E-8% H,0, and
E-100% H,O are 1500, 145, and 56 Q cm >, respectively. The
decreasing trend of the charge transfer resistance as the water
content in the electrolytes increases indicates that the dissolu-
tion and plating processes on the Zn anode become more
favorable. This observation is consistent with the well-known
fact that Zn is more reactive in H,O than in AN. These results
are also in line with the data presented in Fig. 4c, which show
that the initial stripping and plating potentials of Zn in E-0%
H,0 are higher than those in E-8% H,O and E-100% H,O,
indicating faster kinetics in electrolytes that contain water.
These findings further demonstrated that water is favorable for
fast Zn stripping/plating. The Zn stripping curves in E-8% H,0
and E-100% H,O exhibit similarities, but the plating potential
in E-8% H,0 remains stable, indicating uniform nucleation and
growth. In contrast, the plating potential in E-100% H,O grad-
ually decreases with plating, suggesting that excessive water
does not favor uniform plating. Overall, AN-based electrolytes
containing 8% water facilitate fast stripping and uniform
plating of Zn. Finally, the Zn||Zn symmetric cell in E-8% H,O
exhibited significantly better reversibility than those in E-0%
H,0 and E-100% H,0, as shown in Fig. 4d. Compared to those
of E-0% H,O0 and E-100% H,O, the Zn anode had a smoother
surface and no byproducts after cycling for 1500 hours (Fig. S20
and S217), demonstrating the uniqueness of the E-8% H,O
electrolyte.

Excellent performance in organic electrolytes with low water
content

In brief, while ionic conductivity and charge transfer play
crucial roles in ZIBs, their direct relationship with capacity and
long-term cycling stability is not straightforward. As demon-
strated above, the presence of water in the electrolyte could
positively contribute to the capacity, but excessive water can
lead to Zn anode corrosion. Striking a balance is essential.
Therefore, an electrolyte containing 8% H,O strikes the right
equilibrium by facilitating sufficient H'-insertion while miti-
gating water-induced corrosion. This optimum composition
allows for the simultaneous achievement of high capacity and
excellent stability.
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To further demonstrate the benefits of organic solvents with
low water content, the rate capability of Zn||NVO using elec-
trolytes with varying water contents was investigated, as depic-
ted in Fig. 5a and S22f. With E-8% H,O, the discharge
capacities are 513, 478, 456, 439, 400, 321, and 233 mA h g’1 at
0.1, 0.3, 0.6, 1.0, 2.0, 5.0, and 10.0 A g, respectively. Impres-
sively, as the current density ranges from 0.1 Ag ' to 10 A g™,
the capacities in E-8% H,O are higher than those in E-0% H,0
and E-100% H,0, demonstrating the superior rate capacity in E-
8% H,O. In addition, Fig. 5a also shows 100% capacity recovery
in E-8% H,0 after the current density resumes to 0.3 and 0.1
from 10 A g ' excursion, indicating excellent reversibility
compared to that in E-100% H,O. Additionally, Fig. 5b and c
demonstrate that Zn||NVO in E-8% H,O exhibits high revers-
ibility and durability at both low (0.3 A g~') and high (6 A g™")
rates. Specifically, at 0.3 A g~ ', Zn||NVO retains an impressive
94% of its highest capacity after 80 cycles, while at 6 A g™, it
retains 80% of its capacity after 9000 cycles. Similar to the
findings at 0.5 A g~ " depicted in Fig. 1a, when contrasted with E-
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8% H,0, a water content below 8% results in a notable decrease
in the specific capacity of the battery, while a water content
above 8% leads to a significant deterioration in the cycling
stability of the battery (Fig. 5b and S237). Furthermore, Fig. 5d
and S24t show that Zn||[NVO in E-8% H,O has capacities of 500,
360, 313, 233, 172, 134, and 105 mA h ¢! at 0.2 A g ' at
temperatures of 20, 0, —10, —20, —30, —40, and —50 °C,
respectively. E-8% H,O exhibited superior performance in
terms of higher capacity and improved low-temperature oper-
ation (0 to —50 °C) compared to E-0% H,O and E-100% H,O0,
possibly attributed to the improved anti-freezing properties. By
subjecting electrolytes with different water contents to differ-
ential scanning calorimetry (DSC) and temperature cooling
tests, it was determined that the E-8% H,O electrolyte exhibited
a lower freezing point (Fig. S251). Additionally, the photographs
in Fig. S267 show that as the temperature decreases from room
temperature (20 °C) to —50 °C, crystallization occurs in E-100%
H,O0 (approximately —20 °C), while Zn(OTf), is salted out of the
solution in E-0% H,O (approximately —50 °C) due to the low
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Fig. 5 Electrochemical performance of Zn||NVO in electrolytes with various water contents. (a) Rate performance, (b) cycling performance at
alow rate (0.3A g%, (c) cycling performance at a high rate (6 A g~%), and (d) performance at various temperatures ranging from 20 to —50 °C for
Zn||NVO in electrolytes with various water contents. (e) Cycling performance (specific capacity based on area) at 0.5 A g™* (6.5 mA cm™) for
Zn|INVO with an NVO mass loading of ~13.0 mg cm 2 in electrolytes with various water contents.
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solubility of Zn(OTf), in pure AN. In contrast, E-8% H,O shows
no signs of crystallization or salt-out even at —50 °C. In
comparison to those of E-100% H,O, the heightened anti-
freezing properties in both E-0% H,O and E-8% H,O can be
attributed to the higher anti-freezing properties of acetonitrile
relative to water. The enhanced anti-freezing properties in E-8%
H,0, compared to that of E-0% H,O, are a result of the
increased amount of hydrogen bonding between acetonitrile
and water (Fig. S271),"® as well as the presence of additional
components (inducing water molecules). Furthermore, as the
temperature decreases to —50 °C, the sharply increased charge
transfer resistance (Fig. S28t) indicates a substantial decrease
in kinetics, leading to a decrease in capacity. Additionally, there
was a pronounced decrease in the ionic conductivities of E-0%
H,0, E-8%H,0, and E-100%H,0 as the temperature decreased
(Fig. S29t). Considering the ionic conductivity, anti-freezing
properties, and reaction kinetics, ZIBs in E-8% H,O demon-
strate superior low-temperature performance compared to
those in E-0% H,O and E-100% H,0.7®

It is important to highlight that the deliberate variations in
the current density shown in Fig. 1a, 5b and d are employed to
underscore the universal influence of water content on perfor-
mance. Despite the variations in current densities, the trends in
capacity and stability across varying water contents are similar.
Therefore, the utilization of a range of current density tests has
enhanced the effectiveness of illustrating the consistent
patterns in cycling performance changes.

To demonstrate the applicability of the electrolyte design
strategy for potential practical use, Zn||[NVO batteries with
a cathode mass loading of 13 mg cm > and a capacity of
approximately 3.9 mA h cm ™~ were systematically studied in 1M
Zn(OTf), with various H,O contents (E-0% H,O, E-8% H,O0, E-
15% H,0, E-30% H,0, E-50% H,0, and E-100% H,0), as
depicted in Fig. 5e and S30.7 Since the active mass loading on
the cathode may exceed 10 mg cm™ > in practical applications,
this study aimed to optimize the water content in an electrolyte
for high-capacity and stable cycling performance. Interestingly,
while E-8% H,0 was found to be the optimal electrolyte for NVO
cathodes with a low mass loading of ~1 mg cm ™2, Zn|NVO
(13 mg cm™?) in E-30% H,O achieved the highest capacity and
best cycling stability (Fig. 5e and S307). Given the limited elec-
trolyte volume of 0.1 mL, a higher mass loading necessitates
more water molecules, requiring a higher water concentration
in the electrolyte to reach the maximum capacity. Therefore, the
cathode mass loading significantly influences the optimal water
concentration in the electrolyte for achieving high capacity and
cycling stability concurrently. The optimal water content
increases from 8% to 30% with an increase in mass loading
from ~1 mg cm 2 to ~13 mg cm 2. Careful tuning of the water
content in the electrolyte is essential to strike the right balance.

The primary objective of this study is to emphasize the
impact of the water content in electrolytes on the performance
(including capacity and stability) of ZIBs, rather than asserting
that the Zn(OTf),/AN/H,O electrolyte is superior to other elec-
trolytes. Fundamentally, we demonstrate that even a small
amount of water plays a crucial role in enhancing the capacity of
ZIBs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Notably, in an anhydrous electrolyte, zinc-ion batteries
exhibit a significantly low capacity (~110 mA h g~ "), which falls
far below the theoretical capacity (536 mA h g~ '). This is
attributed to the sole insertion of Zn>" and sluggish kinetics.
Introducing water into the electrolyte facilitates proton interca-
lation, thereby enhancing the battery capacity. In the initial
state, a higher availability of H" allows for increased capacity,
consequently yielding a capacity boost with increasing water
content in the electrolyte. However, when the water content
reaches the requirement for the highest capacity, an excess of
water contributes to a decrease in cycling stability for the
following three main reasons. First, in the positive electrode,
dissolution triggered by water results in the formation of the by-
product Znz(OH),V,0,-2H,0 in vanadium-based materials.
Second, the irreversible generation of alkaline zinc salts due to
proton intercalation in aqueous electrolytes can diminish battery
stability. Third, water also results in hydrogen evolution and the
formation of basic zinc salts on the Zn anode. Therefore,
maintaining an optimal electrolyte water content is crucial for
simultaneously achieving a high capacity through proton inter-
calation and preventing side reactions caused by excess water.

From a practical standpoint, our electrolyte design strategy
holds potential for universal application in other hybrid elec-
trolyte solutions, making it versatile and applicable to various
battery systems. This work showcases the broad applicability of
our findings and their potential contribution to advancing
battery technology. Furthermore, this study adeptly demon-
strated the immediate impact of water content and the specific
organic solvent type within the electrolyte on both the anode
and cathode, consequently exerting a significant influence on
capacity and cycling performance. When fine-tuning the elec-
trolyte composition, a comprehensive assessment of the effects
on both the anode and cathode becomes paramount, tran-
scending a singular emphasis on either the anode or cathode
results.

Conclusions

To summarize, our study successfully demonstrated that
organic solvents with low water content can simultaneously
achieve high capacity, high rate-capability, and excellent cycling
stability. The small amount of water in the electrolyte allows
sufficient H'-insertion while mitigating corrosion and electrode
dissolution. Additionally, the water content strongly affects the
solvation structure around Zn>*, thereby affecting the revers-
ibility of the Zn,(OTf),(OH),,_,-nH,O byproducts resulting
from H'-insertion. Moreover, the water content in the electro-
Iyte affects the kinetics and reversibility of Zn stripping/plating
at the anode and ion insertion/extraction at the cathode. Our
experiments in a Zn(OTf), electrolyte using 8% H,O in AN as the
solvent demonstrated that Zn||NVO achieved a capacity as high
as 475 mA h g ' at 0.5 A g~ ', with a capacity retention of 92%
after 100 cycles. The capacity retention was 80% of the highest
capacity at 6 A g~ ' after 9000 cycles. This is the first report
showing that only a small amount of water (8%, v/v) in an
electrolyte can achieve both a high capacity, akin to that of pure
aqueous electrolytes, and a long cycle-life, comparable to that of
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organic electrolytes. Additionally, compared to electrolytes
using pure water and AN solvents, Zn||[NVO in the Zn(OTf),
electrolyte using 8% H,O in AN as the solvent had a higher
capacity at low temperatures ranging from 0 to —50 °C, indi-
cating better anti-freezing properties. Furthermore, we
demonstrated that the optimal water content in the electrolyte
is dependent on the mass loading with solid evidence of
a cathode with high mass loading (up to 13 mg cm ?),
demonstrating the applicability of the electrolyte design
strategy for potential practical use. Overall, the design strategy
of tuning the water content in the electrolyte can effectively
eliminate the trade-off between capacity and cycling stability,
providing a new possibility for constructing high-performance
commercial ZIBs.
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