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An electron-losing regulation strategy for stripping
modulation towards a highly reversible Zn anode

Agueous zinc-ion batteries have attracted widespread
attention as candidates for next-generation energy storage
systems. Uneven plating/stripping of zinc can cause
irreversible electrodes during cycling. In this work, an electro-
losing regulation strategy for stripping modulation by adding
Oxolane additives is proposed. According to experimental
results, this study provides new guidance for the design of
electrolyte additives.
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The practical application of agueous zinc-ion batteries (AZIBs) is hindered by their low coulombic efficiency
(CE) and unstable cycle life. Numerous electrolyte-additive-related studies have been performed, but most
of the focus has been on the Zn plating process. In fact, practical AZIBs undergo stripping in practice rather
than plating in the initial cycle, because the commonly used cathodes in the charged state do not have zinc
ions, so a uniform stripping process is crucial for the cell performance of AZIBs. Here, we propose an
electron-losing regulation strategy for stripping modulation by adding additives. Oxolane (OL) was
chosen as the model additive to verify this assumption. It is found that OL adsorbs onto the uneven
initial Zn surface and accelerates the dissolution of the Zn tips, thus providing a uniform Zn anode during

the stripping process. The oxygen atoms in OL reduce the surface energy of Zn and promote the
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maintained a long lifespan and showed superior reversibility with a high average CE. The findings of this

DOI: 10.1039/d4sc04611k work lead to a deep understanding of the underlying mechanism of Zn anode stripping and provide new
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Introduction

Electrochemical energy storage, possessing the advantages of
convenience and eco-friendliness, has been widely studied to
make the best of green and clean energy.>” Due to their intrinsic
characteristics of low cost, high theoretical capacity
(820 mA h g™ '), and safety, aqueous zinc ion batteries (AZIBs)
have attracted widespread attention as a great potential candi-
date for next-generation energy storage systems.*” Neverthe-
less, there are still some issues relating to the Zn anode,
including side reactions (corrosion and hydrogen evolution
reactions) and Zn dendrite growth, causing low coulombic
efficiency and unstable cycle life and consequently hindering
the commercialization of AZIBs. The complex interfacial reac-
tions on the Zn surface and uneven Zn deposition will lead to
the growth of Zn dendrites. The continuously protruding
dendrites will shed and even pierce the separator, which can
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guidance for designing electrolyte additives.

finally lead to the deterioration of the cycling stability of the
battery.'** Therefore, the related research on interface engi-
neering of Zn anodes has taken center stage.

To solve the problems of the Zn anode interface, the current
strategies can be summarized into three aspects: artificial
interface-layer construction,**® electrolyte optimization,” >
and current collector modification.””** Among them, the elec-
trolyte optimization is the most straightforward strategy with
excellent reproducibility.>* This is because it does not involve
complicated processes, and only a tiny amount of additive can
significantly improve the properties of the electrolyte. In
general, electrolyte additives play the following roles in adjust-
ing the Zn anode interface: (1) weakening the solvation inter-
action of Zn>" with H,O to decrease water activity, thus reducing
side reactions such as the hydrogen evolution reaction on the
anode side;*® (2) providing a shielding effect by preferential
adsorption of exotic cations on the initial Zn tips, preventing
further Zn>" deposition in the tip area to suppress the dendrite
growth;*”** (3) potentially guiding the oriented growth of the Zn
close-packed plane to expose Zn (002) instead of Zn (101) and Zn
(100), which favors reversible Zn stripping/plating;***° (4)
assisting the formation of a solid-electrolyte interphase (SEI) on
the Zn anode through the decomposition of electrolyte
components, which presents more capacity for self-repair than
artificial SEI coating layers.**** To date, numerous additive-
related studies have been dedicated to solving the issues of
the Zn anode by the above approaches, but most focus has been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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directed towards the Zn plating process. The Zn stripping
process, however, has generally been disregarded.

The storage mechanism of the Zn anode for AZIBs is the
process for the plating/stripping of Zn>* ions.*® Thus, uneven
plating/stripping can cause irreversible changes to the elec-
trodes during cycling.**** Actually, in the initial cycle, AZIBs
undergo stripping rather than plating, because the commonly
used cathodes have no zinc ions in the charged state (e.g., V,05
and MnO,). Pits will first form on the Zn surface during the
stripping process, due to the nonuniform metal dissolution.
Then, the pits are filled with mossy deposited Zn during the
subsequent plating process. After a few cycles, some of the
mossy Zn evolves into “dead Zn”, significantly reducing the
reversibility of the Zn anode.*® Therefore, it can be seen that
a uniform stripping process is crucial for the cell performance
of AZIBs. The stripping is a process of metal dissolution where
the Zn metal loses electrons and transforms into Zn>*. This
means that regulating the ability of Zn to lose electrons can
influence the Zn stripping process. Therefore, we propose an
electron-losing regulation strategy for stripping modulation by
introducing electrolyte additives. These additives need to be
able to preferentially adsorb onto the surface of the zinc anode.
Additionally, they should contain highly electronegative atoms
such as O (3.44), F (3.98), and S (2.58), which have high electron-
attracting capability, thereby possibly enhancing Zn dissolu-
tion. Moreover, it is better to choose small organic molecules as
the additives to mitigate the deterioration of the deposition
kinetics caused by the steric hindrance of macromolecules.?”
Oxolane (OL, C,HgO) is a small-organic-molecule solvent that
contains electronegative oxygen atoms and is readily miscible
with H,O. In addition, as a cyclic ether, the oxygen atoms in OL
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can form hydrogen bonds with H,O, thereby reducing water
activity and consequently reducing the side reactions of Zn.*®
Until now, there has been no report or study on whether OL
could regulate the stripping process of Zn anodes. Thus, it is
worth investigating whether OL can act as a bifunctional addi-
tive to simultaneously modulate the Zn plating/stripping
process and to determine the underlying mechanism.

Herein, we have chosen OL as our model additive to verify
the assumption of its value for an additive-modulating stripping
strategy. Through simulation and calculations, we have found
that the work function of Zn significantly decreases from
3.67 eV to 3.08 eV after adsorbing OL, as shown in Fig. 1a. The
work function represents the minimum energy required for
electrons to escape from the interior of the metal. ** The smaller
the work function, the easier it is for electrons to leave the
metal. The differential charge density also shows electron cloud
transfer from the Zn surface to OL (Fig. 1b and c). This indicates
that OL can facilitate the loss of electrons from Zn metal to
transform it into Zn>*, thereby demonstrating that OL possesses
the ability to regulate the Zn stripping process. During Zn
stripping, OL adsorbs on and is concentrated at the tips of the
Zn surface, boosting the dissolving speed of the initial protu-
berant tips and consequently leading to uniform stripping. As
for plating, experimental characterization and theoretical
simulations confirmed that OL molecules induce the (002)
orientation for Zn deposition and thus inhibit the dendrite
growth. Thus, the modified electrolyte exhibits excellent elec-
trochemical performance. Zn||Zn cells with 2 m Zn(OTF),/OL
maintained a long lifespan of more than 3200 h, and Zn|/Cu
cells showed stability and reversibility for up to 1400 cycles with
an average coulombic efficiency (CE) of 99.3% due to the strong
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Fig.1 Simulation of the effect of the OL additive: (a) the work function of Zn (002) with and without OL. (b) Charge density difference between
OL and H,O on Zn (002). The red color means electron accumulation and the blue means electron deficiency. (c) Top view and side view 3D
images of the charge density differences between OL and H,O on Zn (002).
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inhibition of dendrite growth and by-products. In addition,
a full cell with a NaV;O4-1.5 H,O (NVO) cathode and
a commercial Zn metal anode exhibited excellent cycling
performance for more than 3000 cycles. This work not only
provides a new strategy of stripping modulation to improve the
electrochemical performance of AZIBs, but also provides novel
and comprehensive insight into the impact and mechanism of
this electrolyte additive on uniform Zn stripping/plating.
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Results and discussion

Verification of the electron-losing regulation strategy for
stripping modulation

To verify the assumptions of the electron-losing regulation
strategy, density functional theory (DFT) calculations were
carried out to evaluate the ability of OL to adsorb on the Zn
anode and the electron-losing capability of the Zn anode after
the adsorption of OL. As shown in Fig. 2a, the adsorption energy
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Fig. 2 Evaluation of OL modulation of the Zn stripping. (a) Adsorption energies of H,O and OL molecules on the Zn anode. (b) SEM images and
digital images of anodes after stripping for 20 h in different electrolytes. (c) 3D reconstructions of SLCM images of Zn electrodes. (d) In situ optical
microscope images of the Zn stripping process in Zn(OTF), and Zn(OTF),/OL electrolytes. (€) Schematic illustration of the mechanism of OL that

facilitates the loss of electrons from the initial Zn tips.
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of OL is much lower than that of H,O on the Zn anode. Espe-
cially on the Zn (002) surface, the adsorption energy of OL and
H,0 is —0.57 and —0.16 eV, respectively. The adsorption energy
of OL on the Zn surface is more negative. This demonstrates
that OL can adsorb on the Zn surface more effortlessly than
H,0. The adsorption energy of OL and H,O on the Zn (101)
surface is —0.65 and —0.20 eV, respectively, which shows the
same trend as that on the Zn (002) surface, demonstrating that
OL tends to replace H,O to adsorb on the Zn surface. In addi-
tion, the work function (Fig. S1, ESIf) and the differential
charge density results (Fig. S2, ESIT) for Zn (101) with or without
adsorbed OL confirm that OL can facilitate the loss of electrons
from Zn metal to transform it into Zn>*, thereby demonstrating
that OL possesses the ability to regulate the Zn stripping
process. When the Zn anode is immersed in OL, the OL tends to
adsorb around Zn tips, which can accelerate their dissolution.
As a result, Zn tips have a greater propensity to lose electrons
and transform into Zn>*, consequently presenting a uniform
stripping process.

To further understand the effect of OL on the stripping of the
Zn anode, the electrodes after stripping were characterized by
scanning electron microscopy (SEM). To more clearly observe
the morphological evolution of Zn during the stripping process,
the Zn electrodes were stripped for longer times (10 h and 20 h)
than in normal testing. SEM images and digital photographs of
the anodes after stripping for 10 h and 20 h in Zn(OTF), and
Zn(OTF),/OL (with 7.5 vol% OL chosen as the representative
electrolyte) aqueous electrolytes are shown in Fig. S3 (ESI)t and
Fig. 2b, respectively. In the modified electrolyte, a smooth Zn
surface can be observed (Fig. 2b). In contrast, the Zn surface
presents a porous morphology after stripping in the Zn(OTF),
electrolyte, demonstrating that the anode surface is severely
corroded. This indicates that, without OL, the dissolution sites
of the Zn anode are not uniform. This further demonstrates the
capacity of OL to regulate uniform Zn stripping on the Zn
surface.

To further verify that the OL additive promotes uniform Zn
stripping, scanning laser confocal microscopy (SLCM)
measurements conducted to observe the three-
dimensional (3D) morphology of cycled Zn anodes after dis-
charging. As shown in Fig. 2c, a large number of cavities appear
on the Zn surface after stripping in the baseline electrolyte with
isolated dendrites having lengths of ~34.689 pm, which indi-
cates that the dissolution process of the Zn anode is nonuni-
form in the Zn(OTF), electrolyte. In contrast, the Zn anode after
discharging in the electrolyte with OL addition presented
a relatively flat surface without obvious protrusions and cavi-
ties. The altitude intercept is only ~5.317 um. Line roughness
measurement based on the 3D reconstructions of SLCM images
of Zn electrodes was also provided to prove that OL produces
more uniform Zn electrodes (Fig. S4, ESI). Under OL treatment,
the line roughness of the electrode closely matches the baseline.
In contrast, the electrode without OL exhibits a significantly
rougher surface compared to the baseline. Digital images from
side and top views of 2D versions of electrodes also show the
same trend (Fig. S5 and S6, ESIt). This also proves that OL has
the function of regulating Zn stripping behavior. The Zn

were
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stripping behavior in the Zn(OTF), and Zn(OTF),/OL electro-
Iytes was further tested by in-situ optical microscopy system
(Fig. 2d). In the bare Zn(OTF), electrolyte, an uneven dissolu-
tion phenomenon was observed on the Zn anode surface after
just 5 min of stripping, and it became more serious during the
continuous stripping. In contrast, the Zn foil exhibited uniform
dissolution behavior in electrolytes containing OL. The strip-
ping process appeared uniform and stable.

Fig. 2e illustrates the details of the mechanism of OL to
promote the dissolution of Zn. Based on experimental and
theoretical analysis, it can be concluded that OL preferentially
adsorbs and accumulates at the convex tips of the initial zinc
foil rather than on other flatter surfaces during stripping.
Similar to the tip effect, more OL additives tend to accumulate
at the protrusions of the initially uneven zinc foil surface.
Compared to a flat zinc surface, electrons tend to concentrate at
the tips. Owing to the electronegative oxygen atoms contained
in OL, OL could adjust the ability of losing electrons from Zn
atoms, accelerating the Zn dissolution from the tip until the tip
completely disappears on the Zn surface. Finally, OL is adsor-
bed on the already flat surface of Zn, inducing uniform disso-
lution of Zn.

Evaluating the effects of OL on the solvation structure and SEI
film

To explore how OL practically affects the solvation structure,
Fourier transform infrared spectroscopy (FTIR), Raman spec-
troscopy, and nuclear magnetic resonance (NMR) of the 2 m
Zn(OTF), aqueous electrolytes with different volume ratios of
OL (denoted as OL x, x = 0, 5, 7.5, 10, 20, 30, and 40 vol%) were
performed. As shown in Fig. 3a and S7 (ESI),} with increasing
OL volumes, a blue shift of the peak positions for O-H (H,0)
stretching (3000-3500 cm ') and H-O (H,0) bending (1600~
1700 cm™ ") appears, which indicates the increasing strength of
O-H in the H,O molecule. This is because the interaction
between H,O and OL disturbs the original hydrogen-bond
network of H,0.* Specifically, OL molecules form a hydrogen
connection with H,0 molecules, thereby weakening the
hydrogen bonds between H,0 molecules, which reduces their
activity.

The results from Raman spectra and NMR spectra also prove
the interactions generated between OL and H,O. The Raman
spectra of the electrolytes (Fig. 3b) show that the C-H stretching
of OL at ~2952 cm !
(~2853 ecm™ ") as the amount of OL increases, which signifies
that OL interacts with Zn** and H,O. In addition, the peak
between 3000 and 3750 cm ™, which can be attributed to O-H
(H,O) stretching, exhibits a blue shift with the gradual addition
of OL. This is consistent with the results from the FTIR spectra,
further demonstrating a decrease in the strength of hydrogen
bonds involving H,O. The "H NMR spectra of the electrolytes
are shown in Fig. S8 (ESI).t The peak at 4.79 ppm is the 'H
resonance of H,O. An obvious shift to a higher field occurs from
4.64 ppm to 4.81 ppm after increasing the concentration of OL.
These shifts indicate a decrease in the electron density of "H
(H,0), demonstrating that OL interacts strongly with H,O
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Fig.3 Characterization of electrolytes and SEI films. (a) FTIR spectra and (b) Raman spectra of the OL 0, OL 5, OL 7.5, OL 10, OL 20, OL 30 and OL
40 electrolytes. Simulation of (c) Zn(OTF), and (e) Zn(OTF),/OL electrolytes. RDF plots of (d) Zn(OTF),/OL and (f) Zn(OTF),/OL. Depth profiling
XPS spectra (Zn 2p, F 1s, and C 1s) of the SEI layer on electrodes in (g) Zn(OTF), and (h) Zn(OTF),/OL electrolytes after 20 cycles.

through hydrogen bonding. These spectral results demonstrate
that the OL additive can reduce the activity of H,O by weakening
the hydrogen bonds between them. By measuring the ionic
conductivity of these electrolytes, it is evident that the Zn(OTF),
electrolyte exhibits the highest ionic conductivity (66.83
mS ecm '), and the ionic conductivity decreases with increasing
OL volumes (Fig. S9, ESIT). The change in ionic conductivity is
due to the change in the coordination environment of the
electrolyte caused by the addition of the OL additive. Ionic
conductivity is critical for the low-temperature performance of

17352 | Chem. Sci., 2024, 15, 17348-17361

electrochemical energy storage devices. Testing the ionic
conductivity of electrolytes with varying volume of OL at
temperatures of 15 °C, 7.5 °C, 0 °C, and —2.5 °C reveals that
ionic conductivity decreases as the temperature drops (Fig. S10,
ESIT). To further investigate the impact of OL additives on the
electrolyte at low temperatures, differential scanning calorim-
etry (DSC) tests were conducted (Fig. S11, ESIt). The results
indicated that the electrolyte crystallized at —53 °C without OL
additive, while the presence of OL additive caused crystalliza-
tion at —62 °C. This is because OL disrupts the original

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrogen bond network between water molecules, lowering the
freezing point of electrolytes. The interaction between the
organic solvent and water molecules prevents the formation of
a structured hydrogen bond network. Although this approach
effectively reduces the freezing point of aqueous electrolytes, it
also introduces significant drawbacks. The addition of organic
solvents reduces the ionic conductivity, leading to decreased
performance of the ZIBs.

To further explore the Zn*'-solvation structure, molecular
dynamics (MD) simulations were then performed in different
electrolytes. In Zn(OTF), (Fig. 3c), Zn** is coordinated with six
H,0 molecules in the first solvation shell, as expected, and the
contribution from OTF™ is negligible. In contrast, a different
solvation structure can be observed when OL is added. It is
shown that OTF ™ is involved in the solvation shell of Zn*" in
Zn(OTF),/OL (Fig. 3e). Radial distribution functions (RDFs)
determine the distributions of surrounding molecules to
elucidate the electrolyte environment.** The corresponding
RDFs of Zn(OTF), and Zn(OTF),/OL were then calculated
(Fig. 3d and f). The plot for the Zn(OTF), electrolyte shows
a sharp Zn*"-0 (H,O) peak at ~2.07 A, which reveals the
arrangement of H,0 around Zn>". In the curve of Zn(OTF),/OL,
however, a new peak related to Zn>*-O (OL) appears at the same
peak position of Zn**-O (H,0), which indicates that OL changes
the primary solvation sheath of Zn**. When 40 vol% OL was
added, the OL molecules showed a greater tendency to aggre-
gate, and more OTF~ was involved in the solvation shell of Zn**
(Fig. S12, ESIt), which again indicates that OL is involved in the
Zn*" solvation structure. These results again demonstrated that
OL is beneficial for the emergence of Zn**-OTF~ contact ion
couples and aggregates.

The formation of SEI layers on the Zn electrodes cycled in
Zn(OTF), and Zn(OTF),/OL was verified by X-ray photoelectron
spectroscopy (XPS) using depth profiling with Ar'-ion etching
sources. The F 1s and Zn 2p spectra of the Zn anode from
Zn(OTF), are shown in Fig. 3g. Although the *CF; organic
fluorine peak at 689.5 eV is detectable, the internal component
of the SEI layer does not present *CF; anymore.** Even after Ar"
sputtering for 600 s, the Zn-F signal remains detectable and
robust, indicating that the ZnF, layer formed in the Zn(OTF),
electrolyte was very loose and ineffective in inhibiting Zn
dendrite growth. In contrast, the SEI formed in the Zn(OTF),/OL
electrolyte was analyzed after different sputtering times
(Fig. 3h). The Zn metal signal gradually increases as the sput-
tering time is prolonged and becomes dominant. This indicates
that the ZnF, layer is thin. In addition, the C element from the
organic components was characterized (Fig. S13, ESIf). The
peaks for C-C and C-H detected on the Zn anode from Zn(OTF),
gradually decreased with time during the etching process. In
sharp contrast, these peaks were only detected on the Zn anode
taken from the Zn(OTF),/OL electrolyte in the initial state.
Moreover, according to the atomic concentration of the SEI
component of the anode taken from the Zn(OTF),/OL electrolyte
(Fig. S14, ESIt), the content of C is significantly reduced, which
proves that the content of organic carbon in the SEI is relatively
low. These results indicate that, in the Zn (OTF),/OL electrolyte,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a dense and thin SEI layer is formed on the Zn anode during the
plating process.

Texture formation of Zn during the plating process

Zn plating behavior with different electrolytes was then inves-
tigated. Fig. 4a shows the X-ray diffraction (XRD) patterns of the
Zn electrode after plating for 20 h in Zn(OTF),/OL and Zn(OTF),.
Notably, several new peaks are evidenced in the curve of the Zn
anode taken from Zn(OTF), and are similar to those in previous
studies and represent the typical by-product peaks of
Zn,(OTF),(OH),,_,,- nH,0.*>** Clearly, this indicates that a more
serious corrosion reaction occurred on the Zn anode with
Zn(OTF),. In contrast, the XRD peaks of the Zn cycled in the
Zn(OTF),/OL electrolyte remained the same as those of pristine
Zn, demonstrating the anticorrosion properties of the OL
additive.

The intensity of the (002) peak also becomes stronger for the
Zn electrode cycled in the modified electrolyte. The peak
intensity ratio of Ijgoz)/I(101) increases greatly for the Zn anode
cycled in the Zn(OTF),/OL electrolyte (Ioo2): I101) = 0.373),
compared with the pristine Zn anode (Ijo2): I101) = 0.142) and
that cycled in the Zn(OTF), electrolyte (Igoz): I(101) = 0.101). The
(002) texture is confirmed to be beneficial for even Zn deposi-
tion."® Specifically, the hexagonal close-packed (hcp) arrange-
ment of the (002) crystal plane has the lowest surface energy in
Zn metal and has a smoother and more uniform interface
charge density than the (100) crystal plane.* This lowest surface
energy makes the (002) plane less electrochemically active.*®
Therefore, surfaces with more exposed (002) planes may slow
down corrosion and hydrogen evolution while mitigating the
generation of by-products.

The in-situ XRD pattern more intuitively shows the dynamic
changes of the (002) and (101) crystal planes during the
discharge process (Fig. 4b and S15, ESIt). In the early stage of
discharge, the signal of Zn (002) is weak. As the reaction time
increases, more and more Zn is deposited during the plating
process, and the signal of Zn (002) is significantly enhanced.
The final exposure of the Zn (002) plane means that OL
modulates the Zn plating behavior. Fig. 4c shows the surface
energy of different Zn planes in the electrolyte with and without
OL and their corresponding adsorption models. Crystals typi-
cally grow by steadily decreasing their total surface energy.*
When oxygen atoms from OL are adsorbed on the Zn surface, Zn
(002) has the smallest surface energy. The surface energy
decreases from 2.01 ] m~? to 1.93 ] m 2. The decreased surface
energy of Zn (002) means that the nucleation resistance of Zn
(002) is further reduced, so preferential orientation of Zn elec-
trodeposition along (002) is achievable.

The morphology of the electrodes after 20 cycles in OL
electrolyte also shows the final exposure of the Zn (002) plane
(Fig. 4d). The electrode cycled in the Zn(OTF), electrolyte
showed a loose deposited Zn morphology, which could easily
fall off and form “dead” Zn, finally causing a short circuit. In
contrast, the electrode deposited in the electrolyte containing
OL for 20 cycles showed a tight and dense surface. In the higher
magnification SEM image, regular and parallel hexagonal Zn
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. (b) In situ XRD patterns of Zn plating deposited for 5 h. (c) Surface energy of Zn foil and

after OL adsorption. (d) Zn electrodes after 20 cycles at 1 mA cm~2 and 1 mA h cm™~2 in different electrolytes. (€) Schematic illustrations of the Zn
plating mechanism on different planes. (f) CA of Zn||Zn symmetric cells. (g) Initial Zn nucleation overpotential of Zn||Cu cells at 1 mA cm ~2. (h) LSV

characterization in different electrolytes.

plates appear in the Zn(OTF),/OL electrolyte, which corre-
sponds to the gradually increasing Zn (002) peak in the XRD
results. The morphologies and cross-sectional view of Zn elec-
trodes from Zn(OTF),/OL and Zn(OTF), after 50 cycles are
shown in Fig. S16 (ESI).t The Zn electrode in Zn(OTF), shows
mossy growth after 50 cycles, and the cross-section of the 70 pm
thick plated Zn also evidences extensive by-products and
inhomogeneous Zn deposition. In contrast, the Zn anode from
Zn(OTF),/OL maintains a flat and smooth surface, as indicated
by dense and decreased cycled Zn. This phenomenon further

17354 | Chem. Sci., 2024, 15, 17348-17361

demonstrates that the cell employed without the OL additive
failed because of the Zn dendrite growth and corrosion. The OL
additive could boost the uniform nucleation of Zn** and
suppress Zn dendrites, resulting in a uniform electric field of
the Zn anode surface.

Schematic illustrations of the Zn plating mechanism are
shown in Fig. 4e. The main crystal planes of Zn are (002), (100),
and (101), with each of them exhibiting different deposition
behaviors. A disordered crystal orientation leads to random
growth of Zn. Therefore, zinc dendrites are easily generated and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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eventually pierce the separator and cause a short circuit. The
presence of OL can regulate the deposition behavior of Zn and
guide the epitaxial growth of Zn. A lower angle of 47.6° is
characteristic of Zn(OTF),/OL compared with 71.7° in Zn(OTF),
(Fig. S17, ESIt). The change in the hydrophilicity demonstrates
the enhanced favorable adsorption of OL on the Zn anode,
which boosts smooth Zn deposition.*® The wettability of Zn foil
will directly impact the energy barrier for the formation and
evolution of Zn nucleation.*®

Chronoamperometry (CA) has often been used to verify the
Zn deposition behavior at a constant voltage of —150 mV
(Fig. 4f). In the Zn(OTF), electrolyte, Zn exhibits a two-
dimensional (2D) diffusion pattern and a huge drop in
current density. The continued 2D diffusion is mainly due to the
formation of Zn dendrites, corresponding to heterogeneous Zn
nucleation.*” In contrast, the current density is observed to be
well maintained in the designed electrolyte. A 3D diffusion
process was observed after the 90 s nucleation stage, indicating
that the flat and smooth anode surface could be well main-
tained over the whole 600 s electrochemical process. This result
proves that the OL additive relieves side reactions and inhibits
the random diffusion behavior of Zn>*. The Zn(OTF),/OL elec-
trolyte is more favorable for the 3D diffusion of Zn*".

Furthermore, the nucleation overpotential (NOP) of Zn in the
Zn(OTF), and Zn(OTF),/OL electrolytes was further evaluated
using Zn||Cu cells (Fig. 4g). The NOP of Zn increased from
0.164 V in Zn(OTF), to 0.415 V when OL was incorporated in 2 m
Zn(OTF), electrolyte. The higher NOP of Zn, which may be due
to the strong solvation of Zn**, would lead to Zn atoms
adsorbing on the Zn anode, facilitating more smooth and
uniform Zn deposition with a fine nucleation size.>®*

Linear sweep voltammetry (LSV) at a scan rate of 0.5 mV s~
was also performed (Fig. 4h). A narrow electrochemical window
and higher corrosion current density were confirmed in
Zn(OTF),. The current response for the Zn(OTF),/OL electrolyte
was initially more negative than that of the Zn(OTF), electrolyte,
which indicates that the modified electrolyte improves the
stability of H,O. To explore the degree of corrosion of Zn anodes
employed in the designed electrolyte, Tafel plots were collected
(Fig. S18, ESIt). Compared with the Zn(OTF), electrolyte, the Zn
anode in the Zn(OTF),/OL electrolyte showed more positive
corrosion potential and lower current density, indicating
a reduced tendency toward corrosion reactions and a decreased
corrosion rate. These results are well consistent with the spec-
troscopic results of '"H NMR, FTIR, and Raman spectroscopy,
because the participation of OL destroys the hydrogen bonds of
H,0. Therefore, the side reactions are suppressed.

1

Electrochemical stability assessment of the Zn anode

To investigate the effect of the OL additive on the stability of the
Zn electrode, Zn||Zn symmetric cells were tested in different
modified electrolytes. Among the various electrolytes with
different OL ratios, the symmetric cell with 7.5% vol OL addi-
tion to its electrolyte showed superior cycling stability to others,
cycling for 3200 h at a normal current density of 1 mA cm > and
an areal capacity of 1 mA h ecm™? (Fig. S19, ESIf). Thus,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Zn(OTF),/OL with 7.5 vol% OL was chosen as the representative
electrolyte for the other tests, unless otherwise stated. In
contrast, the Zn||Zn symmetric cell with the Zn(OTF), electrolyte
failed after cycling for 80 h under the same testing conditions,
with a sudden polarization voltage fluctuation, as shown in
Fig. 5a. The cells based on Zn(OTF),/OL have a higher average
hysteresis voltage, which may be caused by the addition of the
OL additive, improving the interfacial desolvation energy
barrier. On the other hand, the presence of OL inevitably
enlarges the size of the solvated ion complex, and the ion
transfer kinetics will decrease accordingly.”® Therefore, the
charge transfer resistance of the Zn(OTF),/OL electrolyte
increases (Fig. S20, ESIT). Even under the harsh conditions of 5
mA cm > and 5 mA h em™? (Fig. 5b and S21, ESIt), the Zn
electrode with the optimized electrolyte retains a long cycling
life above 520 h, further proving that OL plays a significant role
in uniform Zn stripping and plating. In contrast, the Zn elec-
trode in Zn(OTF), shows a short circuit within 20 h. These
results indicate that the OL additive boosts the stability and
reversibility of the Zn anode. The rate performance of Zn||Zn
cells was also studied at various current densities and areal
capacities (Fig. 5¢ and S22, ESIT). The cell with the Zn(OTF),/OL
electrolyte shows a more stable voltage profile than that with
Zn(OTF),, even as the current density and capacity increase
from 1 mA cm? and 1 mA h em ? to 10 mA cm 2 and
10 mA h em ™2 To investigate the dendrite suppression mech-
anism, the kinetics of Zn deposition in different electrolytes
were evaluated. According to the rate performance of symmetric
cells in different electrolytes, the exchange current density can
be calculated (Fig. S23, ESIT). The deposition in the Zn(OTF),/
OL electrolyte shows a lower exchange current density of 21.83
mA cm > It is generally believed that the rate of dendrite
growth is closely linked to the kinetics of zinc electrodeposition.
Reducing the exchange current density can improve the effec-
tiveness of dendrite inhibition.>

This remarkable cyclability under different test settings is
outstanding compared to previously published studies on the
design of the electrolyte for aqueous zinc metal batteries
(AZMBs, Fig. 5d and Table S1, ESIt). *>*°*% The asymmetric
Zn||Cu cells were then used to investigate the reversibility of Zn
plating and stripping. The CE curve of the Zn|Cu cell with
Zn(OTF), was unstable and failed quickly in the 80th cycle
(Fig. 5e). In the sharp contrast, the cell that was cycled in
Zn(OTF),/OL was stable up to 1400 cycles with a high average CE
of 99.3%. Additionally, the designed electrolyte provided stable
voltage profiles and capacity during the Zn plating/stripping
process (Fig. 5f and g), where the overpotential was still stable
after 500 cycles. Meanwhile, the Zn||Cu cell in Zn(OTF), dis-
played fluctuating capacity. The plating/stripping voltage
profiles of the Zn||Cu cell with the Zn(OTF), electrolyte display
fluctuations and the cell failed quickly after 115 cycles (Fig. S24,
ESIT). In contrast, a stable performance is achieved for the
Zn||Cu cell with the Zn(OTF),/OL electrolyte, illustrating
a highly reversible plating/stripping process enabled by the OL
additive. Meanwhile, the voltage hysteresis measured after the
1000th cycle is only 89 mV. These results illustrate the highly
reversible nature of the Zn plating/stripping process in
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Zn(OTF),/OL, which dramatically improved the stability of the
Zn||Cu cell. Such excellent electrochemical performance
demonstrates that the OL additive could not only facilitate the
uniform stripping of Zn, but also restrained the side reactions at
the interphase between the anode and the electrolyte, and
consequently improved the Zn utilization.

17356 | Chem. Sci,, 2024, 15, 17348-17361

Electrochemical performance of the Zn||NVO full cell

To further verify the practical utility of the OL additive, full cells
with Zn(OTF), and Zn(OTF),/OL electrolytes were fabricated
using NaV;04-1.5 H,0 (NVO) as the cathode material (Fig. 6a).
Based on a previous publication, NVO nanobelts were prepared,
and their crystalline phase and morphology were confirmed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S25 and S26, ESIt).*® The cyclic voltammetry (CV) curves of
the first cycle for the Zn||NVO full cell with different electrolytes
are shown in Fig. 6b, where both CV curves show two redox
peaks and similar behavior (0.53/0.75 V and 0.74/0.95 V),
demonstrating that OL did not alter the redox reactions of NVO.
The cell that employed the Zn(OTF),/OL electrolyte displayed
higher current density and more obvious polarization in
comparison with that in the Zn(OTF), electrolyte. Fig. 6¢ and
S27 (ESI)t show the rate capability of the Zn||NVO full cell with
and without OL at various current densities from 0.1 to 5 Ag "
The rate results show that the Zn||NVO full cells delivered
similar capacities at low current density with Zn(OTF), and
Zn(OTF),/OL electrolytes. It is clear, however, that the optimized
electrolyte exhibits better rate performance at high current
densities. With the addition of OL, the capacity of the cell was
207mAhg " at5A g " In contrast, the capacity of the cell with
the pure electrolyte was only 142 mA h g at 5 A g~ *. The long-
term cycling stability (Fig. 6d) of the Zn||NVO full cells with both
electrolytes was investigated at 1 A g~ '. Benefiting from the
improved stability of the Zn anode in the OL-containing elec-
trolyte, the full cells exhibited excellent cycling stability in the
Zn(OTF),/OL electrolyte. After the initial 3 cycles tested at
0.1Ag ", the cell achieved a high capacity of 248.9mAh g ' and
exhibited a slight decline until 3000 cycles. To investigate the
cyclability of full cells, the capacity retention is directly
measured. The capacity retention can reach 78.8% when the full
cells exhibit excellent cycling stability in Zn(OTF),/OL after 3000
cycles at 1 A g . In contrast, the Zn||NVO full cell without OL
showed rapid decay and a short circuit after 500 cycles.

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

Moreover, Zn||NVO full cells with both electrolytes were inves-
tigated at 0.2 A g~ ' (Fig. 28, ESIT). The capacity stability of zinc-
ion batteries at low current densities is essential for a range of
practical applications. The cell with the Zn(OTF),/OL electrolyte
exhibits cycling stability, achieving 170 cycles (still in progress
in the lab) and starting with a high specific discharge capacity of
210 mA h g, In comparison, the cell with the Zn(OTF), elec-
trolyte is unstable after 110 cycles. In addition, the long-term
cycling performance of the full cells at a larger current density
of 5 A g7' was tested (Fig. S29, ESI{). The full cell with the
Zn(OTF),/OL electrolyte can deliver a high discharge capacity
(237.5 mA h g~ ") after 1400 cycles, and the capacity retention is
89.9%. Obviously, the cyclability can be improved with the
addition of OL. The cell with the Zn(OTF), electrolyte experi-
enced a short circuit after 340 cycles. The full cell result shows
great potential for application of the Zn(OTF),/OL electrolyte.
According to the above experimental and theoretical results,
the overall mechanism of OL for boosting Zn tip dissolution and
suppressing Zn dendrites can be summarized in Fig. 7. In the
traditional Zn(OTF), electrolyte, Zn dissolves unevenly. The
non-uniform stripping of Zn leads to the formation of hollows
on the Zn anode. Additionally, side reactions, including corro-
sion reactions and the hydrogen evolution reaction (HER), can
lead to the formation of by-products on the Zn anode.
Furthermore, the free diffusion of Zn*" leads to serious dendrite
growth. All these situations result in poor electrochemical
performance. In striking contrast, after adding OL, the OL
molecules gather at the Zn tips, thus facilitating the loss of
electrons from Zn metal atoms to transform them into Zn>* and

Chem. Sci., 2024, 15, 17348-17361 | 17357
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thereby regulating uniform stripping. The preferred Zn (002)
restrains the formation of dendrites.

Conclusions

In this work, we have demonstrated an electron-loss regulation
strategy for stripping modulation that enables superior perfor-
mance of Zn anodes. OL was used as a model additive to
promote electron loss from Zn metal and induce oriented Zn
deposition. During Zn stripping, OL adsorbs on and concen-
trates at the tips of the Zn surface, boosting the dissolving speed
of the initial protuberant tips, which consequently leads to
uniform stripping. As for plating, experimental characterization
and theoretical simulations confirmed that OL molecules
induce the (002) orientation for Zn deposition, which tends to
inhibit dendrite growth. Therefore, the growth of zinc dendrites
is inhibited. The OL additive reduces the activity of H,O and
optimizes the solvation structure of Zn>*. Our designed elec-
trolyte promoted a longer cycling lifespan for our symmetrical
Zn||Zn cells over 3200 h at 1 mA cm > and 1 mA h cm 2. Their
much higher CE (99.3%) at 1 mA cm 2 and 1 mA h em ™ for
more than up to 1400 cycles also indicated the potential of OL.
Therefore, this strategy provides a new direction for the devel-
opment of stable Zn anodes and the possibility of high-
performance commercial AZIBs.
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