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Abstract: Aqueous zinc ion batteries (AZIBs) are renowned for their exceptional safety and eco-
friendliness. However, they face cycling stability and reversibility challenges, particularly under high-
rate conditions due to corrosion and harmful side reactions. This work introduces fumaric acid (FA) as a
trace amount, suitable high-rate, multifunctional, low-cost, and environmentally friendly electrolyte
additive to address these issues. FA additives serve as prioritised anchors to form water-poor Inner
Helmholtz Plane on Zn anodes and adsorb chemically on Zn anode surfaces to establish a unique in-situ
Solid-electrolyte interface. The combined mechanisms effectively inhibit dendrite growth and suppress
interfacial side reactions, resulting in excellent stability of Zn anodes. Consequently, with just tiny
quantities of FA, Zn anodes achieve a high Coulombic efficiency of 99.55% and exhibit a remarkable
lifespan over 2580 hours at 5 mA cm™2, 1 mAh cm™ in Zn//Zn cells. Even under high-rate conditions (10
mA cm, 1 mAh cm™), it can still run almost for 2020 hours. Additionally, the Zn//V2Os full cell with
FA retains a high specific capacity of 106.95 mAh g after 2000 cycles at 5 A g. This work provides a
novel additive for the design of electrolytes for high-rate AZIBs.
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1. Introduction

Given the pressing requirement for carbon neutrality, there is a growing demand for renewable energy
sources and the corresponding need for large-scale energy storage systems.'-3l Among these, Lithium-
ion batteries are widely recognized for their high energy density, broad applicability, and environmental
friendliness.[*%1 Despite their market dominance and technological advancements, lithium-ion batteries
face low safety, scarce resources, and high costs, which hinder their suitability for expansive energy
storage applications.[®”1 Aqueous zinc ion batteries (AZIBs) provide higher safety with aqueous
electrolytes and exhibit advantages like low redox potential (-0.7626 V vs. SHE), high theoretical specific
capacity (820 mAh g?), and so on, making them a prominent area of research for large-scale energy
storage.®-%1 However, AZIBs encounter challenges with Zn anodes and electrolytes, including the
hydrogen evolution reaction (HER), corrosion, side reactions, and zinc dendrite growth.[*%*2 Water
molecules corrode the zinc electrode, generating by-products like ZnsSO4(OH)s-xH20(ZHS), resulting in
an uneven electric field, inhomogeneous ion distribution, and uncontrolled zinc ion migration, which can
lead to crazy dendrite growth and potential short circuits.*3!* Additionally, corrosion depletes
electrolytes, and HER could pose safety concerns.[*%€]

To navigate these tricky hurdles, various strategies encompassing surface optimization, interfacial
engineering, and electrolyte modification have been proposed to fortify interfacial compatibility between
zinc electrodes and aqueous solutions, curb side reactions, and extend battery life.™ For instance, Dong
et al. used a PES/SPEEK-based CEM coating with zinc-friendly hydrophobicity to achieve fast zinc
deposition kinetics and long-term cycle life, while Ai et al. designed a 2D-mPDA mimetic superstructure
as a protective layer for zinc.['*2%1 Among these, electrolyte modification emerges as a straightforward
and productive method to bolster AZIBs performance by enhancing the compatibility between the Zn
anodes and the aqueous electrolyte interface. Achieving long-term stable Zn anodes under high-rate
conditions remains challenging for practical rechargeable zinc ion batteries. Although there have been
many Kkinds of literature (e.g., the introduction of zinc gluconate (ZG) by Xu et al,
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) by Xu et al. and phytic acid (PA) by Wang
et al.), have demonstrated that electrolyte additives can significantly improve battery performance by
altering the Zn?* solvation structure.®21:221 However, strong coupling between Zn?* and additives often
results in inferior reaction kinetics, particularly under high-rate conditions, reducing battery cycling

stability.[?®l Considering that the electrochemical reactions occur in the electric double layer (EDL),



controlling the EDL at the anode/electrolyte interface is crucial for assessing and enhancing electrode
stability and electrochemical performance.?*2¢ To develop high-rate AZIBs, exploring novel additives
capable of modulating the EDL structure is crucial in desolvation and zinc ion reduction. Additionally,
these additives should exhibit weak coupling with Zn?* to ensure sufficient Zn** mobility under high-rate
conditions.?”28] Specific group-containing additives can homogeneously adsorb on Zn anode surfaces,
regulating the EDL and preventing direct contact between reactive water molecules and Zn anodes,
inducing homogeneous Zn?* deposition.?”l For example, Chen et al. chose citrulline (Cit), and Hu et al.
introduced cerium chloride (CeCls) as an electrolyte additive to regulate the EDL.1?81 Although these
additives enhance the stability of Zn anodes to a certain extent, they have drawbacks such as requiring
high amounts, being costly, and lacking environmental friendliness. Considering practical industrial
production requirements, developing a novel electrolyte additive that is trace, suitable for high-rate
performance, low-cost, and environmentally friendly has become a challenging and significant task.
Inspired by the strong adsorption properties of molecules with carboxylic acid groups on Zn anodes
surfaces, we propose using fumaric acid (FA), a highly polar group (-COOH) containing, trace, suitable
for high rate additive to efficiently modulate the EDL structure on Zn anodes and construct an in-situ
stabilized solid-electrolyte interface (SEI).[**2°] Theoretical analysis and experimental tests indicated that
FA operates via two synergistic mechanisms:(l) FA's carboxylic acid groups undergo competitive
adsorption on Zn anodes, forming a water-poor Inner Helmholtz Plane (IHP), inhibiting hydrogen
evolution corrosion of free water molecules on Zn anodes. (I1) FA adsorption facilitates the formation of
a stable zinc-friendly SEI, inhibits corrosion, regulates Zn?* plating/stripping behaviors, and promotes
uniform Zn deposition. These mechanisms significantly suppress corrosion, harmful side reactions, and
dendrite proliferation, improving the Zn anode's stability and reversibility. Consequently, with just tiny
quantities of FA, the Zn//Zn cells exhibit extra-long cycling stability of over 3410 hours at 5 mA cm=2,1
mAh cm, and up to 1800 hours under 10 mA cm, 1 mAh cm high-rate conditions, contrasting sharply
with cells using ZnSO4. Meanwhile, the zinc electrode in FA-modified electrolyte shows excellent
plating/stripping reversibility, with an average Coulombic efficiency of 99.55%. Additionally, the
Zn/IV20s full cell with FA retains a high specific capacity of 106.95 mAh g* after 2000 cycles at 5 A g°
l.

2. Results and discussion

To investigate the effects of varying the FA additives concentrations on zinc battery performance, we



designed a concentration gradient experiment using 2 m ZnSOs electrolyte with varying FA
concentrations: 2 m ZnSQO4 (FA 0), 2 m ZnSO4 + 2 mmol FA (FA 2), 2 m ZnSO4 + 4 mmol FA (FA 4),
and 2 m ZnSO4 + 8 mmol FA (FA 8). The contact angles of the ZnSQO; electrolyte with FA additives were
lower than the FA 0 electrolyte, with the FA 4 electrolyte exhibiting the smallest contact angle (Figure
1a). This suggests enhanced wettability at the electrolyte-Zn foil interface, likely due to the adsorption of
FA, which contains carboxylic acid groups known for their strong affinity towards Zn.*1B% Meanwhile,
through Density functional theory (DFT) calculations, we analyzed the adsorption energies of FA
molecules on the zinc surface, comparing vertical (ZF-V) and parallel (ZF-P) orientations. Results
showed a stronger preference for parallel adsorption, with significantly lower energy values (-0.653 eV
for ZF-V and -0.817 eV for ZF-P) compared to the adsorption energy of H.O molecules alone, indicating
a more stable FA attachment in a parallel configuration on the zinc surface (Figure 1b).EY The
electrochemical interface formed by the contact between the solid electrode and the liquid electrolyte is
referred to as the double electric layer (EDL), which consists of a dense layer (CL) and a diffuse layer
(DL). The CL located inside the bilayer is further divided into the inner Helmholtz plane (IHP) and the
outer Helmholtz plane (OHP), where the inner dense layer closest to the electrode is referred to as the
IHP. The structure of the IHP greatly influences the performance of the cells due to the adsorption,
detachment, and migration of the zinc ions, and the key steps in the electrochemical processes such as
electron transfer that occur at the IHP.F21 Cyclic voltammetry (CV) tests further validated the impact of
FA, showing an obvious decrease in double electric layer capacitance values (208.46 uF cm™ for FA 0
vs.135.67 uF cm for FA 4) (Figure 1c, S1). This reduction may be attributed to the adsorption of fumaric
acid, which has a larger molecular size than water molecules, onto the IHP, resulting in an increase in the
thickness of the double electric layer. Upon addition of FA, FA molecules competed with H>O molecules
for preferential adsorption onto the IHP, turning the IHP, which was originally filled with H,O molecules,
into a water-poor IHP formed by FA adsorption (Figure 1d).PI231 To further demonstrate the change of
IHP structure in electrolytes with FA, based on the capacitive adsorption in the non-faradaic double
electric layer, we verified that FA competes with H.O for preferential adsorption on IHP by AC
voltammetry. The test results showed that the capacitance tested in FA 4 electrolyte was lower than that
tested in FA 0O electrolyte and the potential of zero charge (PZC) decreased from 0.83 V to 0.79 V,
suggesting that the FA preferentially adsorbed in the IHP and altered the IHP structure (Figure S20).3+

871 Furthermore, Fourier-transform infrared (FTIR) and Raman spectra indicated an extremely weak



coupling of FA to Zn?* (Figure S2,3). In the FTIR spectra, the additive FA does not cause relatively
significant peak shifts, suggesting that FA has little effect on the solvated structure. Meanwhile, Raman
spectroscopy tests verified this. The Raman spectral spectra of the electrolyte with or without FA almost
overlapped, indicating that the molecular vibrational modes and ion-solvent interactions in the two
electrolytes are almost the same, the coupling between FA and zinc ions is very weak. Nuclear magnetic
resonance (NMR) tests showed that the addition of FA to ZnSO4 resulted in a positive chemical shift of
the *H peak of D20, suggesting that the interaction between FA and H2O molecules could reshape the
hydrogen-bonded structure of the H.O molecules in the FA 4 electrolyte, thus reducing the contact
between the active H.O molecules and the Zn anodes (Figure S4).81 Additionally, linear scanning
voltammetry (LSV) tests showed that the HER starting potential of the electrolyte with FA was negatively
shifted, indicating that FA additives inhibit HER by preferentially adsorbing to prevent reactive water
molecules from directly contacting Zn anodes (Figure 1e).l'®1 As shown in Figure S19, when the
concentration of FA was increased to 20 mmol there were fumaric acid particles that were not completely
dissolved. Meanwhile, LSV testing of each of the other concentration gradients showed that the strongest
inhibition of HER was found at a concentration of 4 mmol of the additive FA (Figure S18).
Chronoamperometry (CA) curves revealed a consistent increase in the Zn anodic current over 350 s in
the FA 0 electrolyte, attributed to a two-dimensional diffusion process of Zn?*, potentially leading to
significant dendrite formation (Figure 1f). When zinc ions reach the electrode surface in a 2D diffusion
mode, localized areas may have too high a concentration of zinc ions, leading to uneven deposition.*¥ In
contrast, in the 3D diffusion mode, the zinc ions can diffuse freely throughout the space without being
restricted to a specific direction, resulting in a more uniform zinc ion concentration on the electrode
surface. Thus, the 3D diffusion mode helps to achieve uniform zinc deposition on the electrode surface.[*"!
In stark contrast, Zn plating in the electrolytes with FA showed a nearly unchanged current density. This
suggests that FA's preferential adsorption minimizes energy barriers for Zn?* lateral diffusion, optimizes
electric field distribution, and regulates Zn ion flux, promoting stable three-dimensional diffusion.[4>42]
Lastly, charge transfer resistance (Rct) measurements indicated that symmetric cells containing FA
generally exhibited lower Rt values than those without FA, pointing to a faster charge transfer process
and enhanced zinc ion mobility in the modified cells, offering the potential for the development of high-

rate capable AZIBs (Figure 1g, S5).12043
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Figure 1. a) Contact angle test plots of Zn surfaces with FA 0, FA 2, FA4, and FA 8 electrolytes,
respectively. b) Adsorption models and corresponding adsorption energies of H>O and FA molecules on
the Zn (002) plane. c) The EDL capacitance for cells with FA 0 and FA 4 electrolytes. d) Schematic
diagram of Zn deposition behavior in FA 0 and FA 4 electrolytes. €) LSV curves of Zn//Zn symmetric
cells tested in various electrolytes. f) CA curves of the symmetric cells with various electrolytes. g) EIS
impedance of symmetric cells with various electrolytes.

Without FA, direct exposure of the electrolyte to unstable Zn anodes leads to corrosion and uncontrollable
HER parasitic reactions, resulting in the creation of detrimental by-products like ZnsSO4(OH)s-xH20
(ZHS), as depicted in Figure 2a.[**l Conversely, incorporating FA into electrolytes enables FA-Zn
adsorption on the Zn surface. This interaction with Zn anodes results in the forming of an in-situ solid-
electrolyte interface (SEI) layer. This layer facilitates homogeneous nucleation sites, effectively inhibiting

the HER (Figure 2a). To further investigate the mechanism of FA-induced in-situ SEI layer formation,



bare Zn foils were soaked in two types of electrolytes (FA 0 and FA 4) for 48 h. Observations highlighted
in Figure 2b, c reveal that the Zn foil surface in the FA 0 electrolyte was uneven, in stark contrast to the
smooth surface of the Zn flakes submerged in the FA 4 electrolyte. Furthermore, disorganized and
fragmented corrosion by-products appeared on the Zn foil exposed to the FA 0 electrolyte for 48 h (Figure
S6). In contrast, the Zn foil's surface in the FA 4 electrolyte developed a translucent white coating.[*?]
With the aid of a high-resolution field emission scanning electron microscope, we can clearly observe
that a layer of in-situ SEI with a thickness of about 2 um was formed on the surface of the zinc foil soaked
in the FA 4 electrolyte for 48 h, which is demarcated from the surface of the zinc foil (Figure 2c).
Additional analysis via X-ray diffraction (XRD) showcased in Figure 2d, including Zn foils immersed
in FA 0 and FA 4 electrolytes for 48 h and bare Zn foil, presented diffraction peaks at 36.292°, 38.992°,
and 43.231° respectively (PDF#04-0831), with a novel diffraction peak at 7.309° corresponding to FA 0
soaked foil, linked to the by-product ZnsSO4(OH)e-5H20. This signifies FA's potent efficacy in curbing
Zn anode corrosion. In further scrutinizing the in-situ SEI layer formation, a comparison of Fourier
transform infrared spectra (FTIR) of bare Zn, FA, and Zn foil immersed for 48 hours in FA 4 electrolyte
showing a peak shift related to the carboxyl group (COOH) at 1640 cm™(Figure 2e).[*61 Moreover, X-ray
photoelectron spectroscopy (XPS) evidenced a slight uptick in the binding energy of Zn 2p 3/2 and Zn 2p
1/2 for the Zn foil soaked in the FA 4 electrolyte versus the FA 0 electrolyte, attributed to the interplay
of FA's COOH groups with the Zn foil leading to the formation of Zn-O bonds, alongside C=0 (533 eV)
and Zn-0 (530.2 eV) detected in the O 1s spectrum (Figure 2f, g). These results consistently confirm that
adding FA induces the formation of an in-situ SEI layer.[”1 Further to explore the composition of SEI, we
first performed elemental analysis tests on the surface of SEI with energy dispersive spectroscopy (EDS),
and as the results are shown in Figure S23, a large amount of C and O elements appeared on the surface
of the zinc foil, which initially indicated that FA might have reacted with the zinc foil to generate some
kind of compound film layer. This was also confirmed by the elemental analysis of the SEI cross-section
(Figure S21). Then Raman spectroscopy tests were performed to analyze the changes on the surface of
the zinc foil before and after immersion (Figure S22), and the characteristic peaks at about 1000 cm?,
1550 cm, and 1650 cm™ of the immersed zinc foil were related to the C=0 asymmetry, symmetric tensile
vibration, and C-H vibration, respectively, which further confirmed that fumaric acid reacted with zinc
by complexation, and may form in-situ SEI layers composed mainly of zinc fumarate.[*®! Since the surface

structure of the formed in-situ SEI layer is loose, this non-dense structure allows zinc ions to pass through



the SEI layer during the battery cycling process (Figure S23). According to the elemental analysis
diagram of the cycled Zn anodes cross-section, it can be seen that there is relatively less zinc distribution
at the interface between the SEI and the zinc foil, and more zinc distribution in the region close to the SEI
layer, so it can be speculated that zinc ions were mainly deposited in the interior below the SEI during
the cycling process (Figure S27). To investigate the protective effect of FA additives on Zn electrodes,
we tested the Tafel curves of various electrolytes (Figure 2h). Compared with FA 0 electrolytes, the
corrosion potentials of FA 2, FA 4, and FA 8 electrolytes are positively shifted. The corrosion current
densities of FA 0, FA 2, FA 4, and FA 8 electrolytes are 0.941 mA cm?, 0.887 mA cm, 0.690 mA cm"
2 and 0.712 mA cm?, respectively, suggesting that the FA-induced SEI layer acts as a bulwark against
Zn anode corrosion.”®l Comparison of cyclic voltammetry (CV) curves of Zn//Ti asymmetric cells with
various electrolytes, depicted in Figure 2i, and voltage curves of Zn//Zn symmetric cells tested at 2 mA
cm? (Figure 2j) further validate that the electrolytes with FA enhances redox current density and
decreases nucleation overpotentials(46.8 mV for FA 0, 42.7 mV for FA 2, 35.4 mV for FA 4, and 39.2
mV for FA 8), which indicates that the in-situ SEI layer can promote zinc ion transport and augment
reaction kinetics. Compared with FA 0 (84.2 mV), FA 2, FA 4, and FA 8 nucleation overpotentials are
68.6 mV, 47.5 mV, and 73.6 mV, respectively. This notable decrease in nucleation overpotentials,
indicative of a reduced barrier to Zn plating, supports uniform nucleation and Zn growth, attributed to the
in-situ SEI layer's role in offering consistent nucleation sites and harmonizing the electrode surface's
electric field, hence lowering the nucleation overpotential.[2%

To further prove the modulatory effects of FA additives on the zinc electroplating process, we designed
in-situ optical visualization experiments to capture the real-time dynamics of Zn?* deposition across
different electrolytic environments. Figure 3a, b highlights that in the FA 0 electrolyte, the initial
deposition phase on the Zn foil is characterized by sharp protrusions, rapidly evolving into extensive Zn
dendrite proliferation as the deposition progresses. In stark contrast, the introduction of FA markedly
alters this landscape, where crazy-growing zinc dendrites are notably absent, and the deposition layer
maintains a very flat profile, tentatively confirming FA's capability to modulate Zn?* deposition towards
achieving a uniform and dendrite-free coating.°® This modulatory effect of FA is further corroborated by
scanning electron microscopy (SEM) imaging, displaying both surface and cross-sectional views of the
Zn anodes. The Zn anodes with FA 0 electrolyte are besieged by vertical, erratic by-product formations

and chaotic zinc dendrite structures, indicative of heterogeneous Zn?* deposition (Figure 3c, d, S6-9).



Conversely, Zn anodes subjected to the FA 4 electrolyte reveal a morphological transformation to a flat,
hexagonal, close-packed layout, presenting a substantially smoother appearance than the FA 0 electrolyte.
Atomic force microscopy (AFM) demonstrated the surface roughness associated with zinc deposition
under both conditions, further confirming these observations (Figure 3e, f).*41 This improvement is
attributed to the presence of a homogeneous solid-electrolyte interface (SEI) layer consisting of FA-Zn
complexes, which not only plays a vital role in inhibiting the parasitic reaction but also in regulating the
pathway of Zn?* electroplating/stripping, effectively thwarting the emergence of Zn dendrites. X-ray
diffraction (XRD) testing of the circulated Zn anodes showed a significant reduction in the intensity of
the characteristic ZHS with the FA 4 electrolyte compared to the FA 0 electrolyte, suggesting effective
mitigation of the harmful parasitic side reactions (Figure S10). Additionally, the ratio of the peak Zn
(002) plane to the peak Zn (100) plane of the cycled Zn anodes was significantly increased (2.60 for FA
4 and 1.25 for FA 0), suggesting that FA additives modulate Zn?* flux and facilitate homogenous Zn?*

deposition along the Zn (002) plane, ultimately realizing dendrite-free Zn anodes.
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Figure 2. a) Schematic of the zinc deposition mechanism in electrolytes with or without FA. b) Cross-
sectional SEM images of the zinc foil soaked in FA 0 electrolyte for 48 h. c) Cross-sectional SEM images
of the zinc foil soaked in FA 4 electrolyte for 48 h. d) XRD patterns of bare Zn, Zn foil soaked in FA 0
electrolyte for 48 h, and Zn foil soaked in FA 4 electrolyte for 48 h. e) Comparative FTIR plots of bare
Zn, FA, and Zn foil soaked in FA 4 electrolyte for 48 h. The XPS comparison chart of f) O 1s and g) Zn
2p on the surface of Zn foil soaked in the FA 0 and FA 4 electrolytes. h) Tafel curves of Zn foils in various
electrolytes. i) Comparison of CV curves of Zn//Ti cells with various electrolytes. j) Voltage profiles and

nucleation overpotentials of Zn//Zn cells with various electrolytes at a current density of 2 mA cm™2.
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Figure 3. In-situ optical microscopy process images of the cross-sectional Zn deposition morphology on
Zn electrode at 15 mA cm with a) FA 0 and b) FA 4 electrolytes. The SEM images of the Zn anode
surface cycled for 200 cycles at 5 mA cm2,1 mAh cm with ¢) FA 0 and d) FA 4 electrolytes. AFM
images of the Zn anodes surface cycled for 200 cycles at 5 mA cm,1 mAh cm with €) FA 0 and f) FA
4 electrolytes.

To evaluate the cycling stability of FA additives, we subjected Zn//Zn symmetric cells with various
electrolytes to long-cycle tests. Under 5 mA cm? and 1 mAh cm conditions, the cell employing FA 0
electrolyte succumbed to a short circuit at 110 hours. In stark contrast, incorporating FA into the
electrolytes of Zn//Zn symmetric cells led to a dramatic surge in cycling efficacy. Notably, the cell
integrating FA 4 electrolyte showcased impressive cycle durability, operating stably for an extended
period of 2580 hours without any noticeable irreversible voltage (Figure 4a). Moreover, the cycling
stability in the FA 4 electrolyte is dramatically improved at higher current densities and higher areal
capacities. (2020 hours vs. 33 hours at 10 mA cm?,1 mAh cm vs. 1730 hours vs. 107 hours at 5 mA cm”
22 mAh cm™), as detailed in Figure 4b, c. Studying the cycle life of batteries with higher depth of
discharge (DOD) allows for a more accurate estimate of their usable energy density and lifetime.’*To

more accurately assess its usable energy density and lifespan, we conducted performance tests at higher



depths of discharge (DOD) using a 50 pm zinc foil.lBl Under test conditions of 1 mA cm?2and 5 mAh cm”
2 (DOD of 19.3%) (Figure S24), it is evident that FA 4 exhibits greater stability compared to FA 0,
achieving a cycle time of 180 hours. Additionally, at 10 mA ¢cm? and 5 mAh cm? (DOD of 19.3%)
(Figure S25), the cycle time reached 200 hours. Cycling over 190 hours at 1 mA cm, 10 mAh cm™
(DOD of 38.6%) (Figure S26), further demonstrates the potential of FA additives for practical
applications.® To compare the rate performance of Zn//Zn symmetric cells with various electrolytes,
with a fixed areal capacity of 1 mAh cm, the current density was varied to 1, 2, 5, 10, 20, and 1 mA cm’
2 (Figure 4d). Remarkably, while the symmetric cell incorporating FA 0 electrolyte and its counterpart
with the FA additive demonstrated comparable polarization voltages at lower current densities, a
significant reduction in polarization voltage was observed at higher current intensities for the cell with
the FA-modified solution, evidencing accelerated Zn?* migration which illustrates the additive’s
effectiveness in high-rate applications.[>® Additionally, to delve into the impact of FA additives on the
reversibility of Zn deposition/stripping processes, asymmetric Zn//Cu cells with various electrolytes were
crafted and evaluated under a current density of 2 mA cm and an aerial capacity of 1 mAh cm?2. As
delineated in Figure S11-13, the Zn//Cu cell with FA 4 electrolyte demonstrated a tenfold increase in
cycling stability relative to the cell with FA 0 electrolyte, marking a significant performance enhancement
and achieving an extraordinary average Coulombic efficiency of 99.55%. Furthermore, the cell with FA
4 electrolyte consistently maintained a smaller voltage hysteresis across several cycles than its FA 0
counterpart, alongside more stable deposition/dissolution profiles, as evidenced in Figure 4e, f. In the
support information Figure S15 we observe that the curves after partial amplification remain quite stable,
with extremely small voltage variations during cycling, and the curves converge. At the same time, we
carry out repetitive verification, as shown in Figure S16, the voltage curves of Zn//Cu cells converge
under different cycles. As illustrated in Figure 4g, compared with other recent additive literature, the
cycle life, overpotential, concertation, areal capacity, and current density of the Zn//Zn symmetric cells
with FA additive were significantly superior to others under the same test conditions (Table S1). This
demonstrates the development of a novel additive in this work, which is the trace, suitable for high-rate,

low-cost, and high performance.
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Figure 4. Symmetric cell curves Zn//Zn symmetric cells at a) 5 mA cm2,1 mAh cm?, b) 10 mA cm?,1

mAh cm?, and ¢) 5 mA cm,2 mAh cm. d) The rate curves of symmetric cells in various electrolytes.

e) Voltage profiles of Zn//Cu cells in FA 0 electrolyte. f) Voltage profiles of Zn//Cu cells in FA 4

electrolyte. g) Radar chart comparing FA additives to previously reported articles.

Given the exceptional performance of FA additives in stabilizing Zn anodes, it is significant to assess

their practical applications. To demonstrate this, we assembled a full battery using V20s as the cathode

and Zn as the anode, with the FA 0 and FA 4 electrolytes. The cyclic voltammetry (CV) curves for cells

are displayed in Figure 5a. Despite both cells exhibiting analogous redox peaks, the full cell with the FA

4 electrolyte manifests a reduced polarization voltage alongside an elevated current density, signifying



that the incorporation of FA markedly bolsters reaction kinetics while mitigating electrochemical
polarization.[*8154 Furthermore, as depicted in Figure 5b, electrochemical impedance spectroscopy (EIS)
resistance mapping reveals a reduced diameter in the low-frequency region for FA 4 compared to FA 0
electrolyte, coupled with a steeper slope in the high-frequency domain. This suggests a diminished
charge-transfer resistance within the full cell utilizing the FA 4 electrolyte, potentially indicative of
enhanced Zn?* transfer facilitated by FA adsorption. Figure 5c exhibits the rate performance of the
specific capacities of Zn//\V20s cells at current densities of 0.1, 0.5, 1, 2, and 5 A g*. The results indicate
that the electrolyte with the FA 4 electrolyte has a higher specific capacity than the FA 0 electrolyte,
demonstrating excellent cell reversibility in the presence of FA. Noteworthy is the observation that while
the augmentation in specific capacity at lower rates remains modest, the specificity capacity surges
significantly at higher rates upon the inclusion of the FA additives. This dovetails with the rate
performance findings observed in Zn//Zn symmetric cells. At the same current density, the full cell of FA
4 electrolyte exhibited longer charge/discharge plateaus at about 1.1 V and 0.5 V than that in FA 0, which
aligns with the CV curves and indicates a higher specific capacity (Figure 5d, e). In the full cell system,
after 500 cycles, the Zn anodes with FA 0 electrolyte showed severe chalking and dendrite growth. In
sharp contrast, in FA 4, the Zn anodes maintained a flat morphology after 500 cycles (Figure 5f). Upon
investigating the long-term cycling stability of Zn//\V-Os cells at a rate of 5 A g, a comparative analysis
reveals that the full battery with the FA 4 electrolyte exhibited a higher specific capacity and more
excellent cycling stability at approximately the same initial specific capacity compared to the full cell
with the FA 0 electrolyte (Figure 5g). All cells display a discernible increase in discharge-specific
capacity throughout the initial cycling phases, potentially attributable to the electrolyte’s penetration into
the V.0s particle interiors, fostering enhanced ion insertion and elevating capacity.®>%¢1 This
phenomenon has been observed in other Zn//V20s battery literature.[*657-5% Notably, at a high current
density of 5 A g, the full cell with FA 4 electrolyte exhibits a higher specific capacity enhancement than
at 1 A g '(Figure S14). It maintains excellent cycling stability after 2000 cycles, consistent with the full
cell rate performance results. Since electrolyte modification is more of a surface reaction of the cathode
material, and most of the stabilization cycles are done under thin electrode conditions with low cathode
mass loading, usually in the range of 1~2 mg cm™, in order to verify the potential of the additives to be
applied in practical production, we conducted a high mass loading (about 5 mg cm2) performance test

(Figure S17).16061 These results demonstrate that FA additives can significantly improve performance at



high rates, paving the way for developing high-rate AZIBs for practical applications.
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Figure 5. a) CV curves of Zn//V20s cells with the FA 0 electrolyte and the FA 4 electrolyte. b) EIS curves
of the FA 0 electrolyte vs. the FA 4 electrolyte before cycling. ¢) Multiplication curves of the Zn//\V/20s
cells. d, e) Charge/discharge curves of the FA 0 electrolyte vs. the FA 4 electrolyte corresponding to
multiplicity curves. f) SEM images of Zn anodes with the FA 0 electrolyte and the FA 4 electrolyte after
500 cycles at 5 A g!; g) Long cycling performance of Zn//V,0Os full cell with the FA 0 electrolyte and
the FA 4 electrolyte at 5 A g .

3. Conclusion

In summary, this work introduces a novel trace polar additive FA (4mmol) that modulates the EDL
structure while adsorbing the Zn anodes surface by chemisorption and forming an in-situ SEI layer.
Combined with experimental characterization and DFT theoretical simulation calculations, the FA not
only forms a water-poor IHP layer via preferential adsorption on the surface of the Zn anodes but also

interacts with the Zn anodes to form an in-situ SEI protective layer, which can inhibit corrosion and



dendrite growth at the interface, as well as inducing the deposition of Zn (002). Utilizing the multiple
functions of FA additives, with just tiny quantities of FA, Zn anodes impart an ultra-long lifetime of 2580
hours for Zn//Zn symmetric cells at 5 mA cm2,1 mAh cm and maintain a lifespan of over 2020 hours
even at a high-rate of 10 mA cm?, 1 mAh cm™. This is a tenfold improvement in the lifespan of the
Zn//Cu half-cell over FA 0, along with a high average Coulombic efficiency (CE) of 99.55%. Additionally,
the Zn//\V20s full cell with FA 4 electrolyte retains a high capacity of 106.95 mAh g after 2000 cycles
at 5 A g. This work contributes a novel perspective on selecting multifunctional electrolyte additives
that are trace, suitable for high-rate, low-cost, and environmentally friendly via considering the
relationship between the weak coupling effect, EDL, and in-situ SEI layer to regulate the electrochemical
performance of the Zn anodes. It provides a novel additive for the design of electrolytes for high-rate
AZIBs.

4. Experimental Section

Materials Preparation: This work designed additive concentration gradient experiments. A 2 mol ZnSO4
electrolyte (FA 0) was prepared by dissolving 6.4588 g of ZnSOs in deionized 20 mL (DI) water.
Stoichiometric amounts of FA (2 mmol, 4 mmol, and 8 mmol) were dissolved in 2 mol ZnSO4 electrolyte
to prepare electrolytes with preparative FA additives (FA 2, FA 4, and FA 8, respectively). Zn (Ti and
Cu) foils (100 um thick) were firstly cut into 12 mm diameter circular foils, which were ultrasonically
cleaned with anhydrous ethanol for 10 minutes and then dried in an oven at 60 °C for 6 hours to remove
surface contaminants from the foils. Commercially available vanadium pentoxide (V205 Macklin 99.99%
metal based) was firstly mixed with carbon black (C Aladdin 99.5%), polyvinylidene difluoride (PVDF)
in the ratio of 7:2:1 by weight and 1-methyl-2-pyrrolidinone (NMP Aladdin AR>99%) as solvent. The
milled and configured slurry was uniformly coated on hydrophilic carbon cloth and dried at 60°C for 12
h before use, and then the carbon cloth was cut into 10 mm diameter discs to serve as cathodes. The
loading of the V-Os cathode was controlled to be about 2.0 mg cm™. The prepared cell materials are
grouped in air into symmetric cells (Zn//Zn), asymmetric cells (Zn//Ti), and full cells (Zn//V20s) with the
model CR2032. The electrolyte is 100 uL of 2 M ZnSO4 solution or 2 M ZnSO4 + FA solution.
Materials characterization: The XRD patterns were obtained by Rigaku SmartLab 3KW X-ray
diffractometer (Japan) and Cu Ko radiation in the 20 range of 5° to 90° at a scan rate. The 1H NMR
(Bruker 400MHz) was performed on the different electrolytes by taking an appropriate sample (about 10

mg) in a 1500 uL centrifuge tube and adding 500 pL D20. After wholly dissolved, the solution was



transferred and measured into the NMR tube through a pipette gun. The FTIR results were acquired via
the Thermo Scientific Nicolet iIS20 (American). Before the test, the air background is scanned first, and
then a total of 5 pL of electrolyte is droplet to the crystal surface of the ATR accessory. The infrared
spectrum is collected, and the total number of scans is 32 with a resolution of 4 cm™ and a test range of
wave numbers between 400 and 4000 cm™. Furthermore, the Raman spectra were measured by the
HORIBA Scientific LabRAM HR Evolution (Japan, A = 532 nm). XPS measurements of the Zn foil
surface were conducted under a vacuum with a monochromatic Al Ka radiation (Thermo Fischer
ESCALAB Xi+, American, 16 mA, 12.5 kV). A Bruker Dimension Icon conducted the AFM
measurement of zinc foil under different conditions with a catalyst device. The morphology of zinc foil
before and after electrochemical cycling in different electrolytes was obtained by scanning electron
microscope (SEM, JSM-6390 LV). The contact angles between electrolytes and Zn electrodes were
measured using Dataphysics OCA 20 (German) with 5 uL of electrolyte for each test. The in-situ optical
microscope was conducted on RIEVBCAU MS4.

Electrochemical measurements: The BTS 3000 Neware Battery Testing System obtained the
electrochemical data of batteries. Long cycling performances of the Zn//Zn symmetric cells with different
electrolytes were performed under 10 mA cm™? 1 mAh cm™?, 5 mA cm? 1 mAh cm?, and 5 mA cm™ 2
mAh cm? respectively. The CS2350M electrochemical workstation tests all electrochemical
measurement dates. Electrochemical impedance spectroscopy (EIS) of all samples was measured within
a frequent range of 0.01 Hz to 100000 Hz. The Chronoamperometry (CA) curves of Zn//Zn symmetrical
cells were tested with an overpotential of -150 mV within 400 s. The Tafel plots of electrolyte were
measured with a three-electrode system, with Zn foil as the working electrode, Pt foil as the counter
electrode, and Ag/AgCl as the reference electrode. The test range was -1.2 to -0.5 V with a sweep rate of
1 mV s*. The Cyclic Voltammetry (CV) curves of Zn//Ti cells were measured with a scan range of -0.2-
0.8 V and a scan rate of 1 mV s™. The Zn//V,Os cells have a cyclic voltammetry (CV) curve voltage of
0.2-1.6 V and a scanning rate of 0.5 mV s*. In the AC voltammetry tests, the frequency is 6 Hz and the
amplitude (A) is 25 mV, with a potential range extended from 0.9 to 0.3 V (vs. Zn?*/Zn).

DFT Calculations: The first-principles calculations are carried out within the framework of density-
functional theory using the projector-enhanced plane-wave method. They are implemented in the Vienna
Atomic Bomb Simulation Package.!®” The generalized gradient approximation of the Perdew, Burke, and

Ernzerhof (PBE) functional is applied to the exchange-correlation potential.[%%! Long-range van der Waals



interactions were described by the DFT-D3 method.[®* The first-principles calculations are carried out
within the framework of density-functional theory using the projector-enhanced plane-wave method.
They are implemented in the Vienna Atomic Bomb Simulation Package. The generalized gradient
approximation of the Perdew, Burke, and Ernzerhof (PBE) functional is applied to the exchange-
correlation potential. Long-range van der Waals interactions were described by the DFT-D3 method. The
Zn (002) plane is constructed of p(6 x 6) cells with four atomic layers consisting of 144 Zn atoms; a plane
wave basis with a kinetic energy cutoff of 500 eV and a Monk horst-Pack scheme with a k-point lattice
spacing of 21 x 0.04 A" were used to ensure convergence of the total energy.[®*! The ion and electron
optimization convergence conditions were 0.03 eV/A and 1 x 10 eV, respectively. The adsorption
energy (Ead) of H2.O and fumaric acid on the Zn (002) plane can be calculated by eq Error! Reference

source not found.
E. =E(A+B)-[E(A)+E(B)] 1)

Where E+8) is the energy of the absorption of H.O or fumaric acid on the Zn (002) plane, E) is the

energy of the power on the Zn (002) plane, Eg, is the energy of the absorption of H.O or fumaric acid.
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