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Abstract:

The catastrophic dendrite hyperplasia and parasitic reactions severely impede the
future deployment of aqueous Zn-ion batteries. Controlling zinc orientation growth is
considered to be an effective method to overcome the aforementioned concerns,
especially for regulating the (002) plane of deposited Zn. Unfortunately, Zn (002)
texture is difficult to obtain stable cycling under high deposition capacity resulting
from its large lattice distortion and nonuniform distribution in electric field. Herein,
different from traditional cognition, a crystallization orientation regulation tactic is
proposed to boost Zn (101) texture exposure and inhibit zinc dendrite proliferation
during plating/stripping. Experimental results and theoretical calculations demonstrate
the malate molecules preferentially adsorb on the Zn (002) facet, leading to the
texture exposure of distinctive Zn (101) plane. Meanwhile, the -COOH and —OH
groups of malate molecules exhibit strong adsorption on the Zn anode surface and
chelate with Zn?*, achieving H>O-poor electrical double layer. Very impressively, the
multifunctional malate additive enlists zinc anode to survive for 600 h under a harsh
condition of 15 mA cm /15 mAh cm 2. Moreover, the symmetric cell harvests highly-
reversible cycling life of 6600 h at 5 mA c¢m2/1.25 mAh cm™2, remarkably
outperforming the ZnSOs4 electrolyte. The assembled Zn//MnO> full cells also
demonstrate prominent electrochemical reversibility.

Keywords: preferential orientation, electrical double layer, multifunctional regulation,

ultrahigh capacity, zinc anode



1.Introduction

Metallic zinc (Zn) has recently received significant attention as anode material in
rechargeable aqueous Zn-ion batteries (AZIBs) for large-scale energy storage, thanks
to its high theoretical capacity (820 mAh g! and 5855 mAh cm™), appropriate redox
potential (—0.762 V vs standard hydrogen electrode (SHE)), outstanding safety and
environmental benignity.['l Nevertheless, the utilization of Zn metal anode suffers
from uncontrolled Zn dendrite accumulation, and malignant water-induced side-
reactions including competitive Hz evolution reaction (HER) as well as unavoidable
corrosion and passivation of electrode,?’ which eventually result in unsatisfactory
electrochemical reversibility and inferior chemical stability during zinc
plating/stripping processes, thus limiting their commercialization.[*! Hence, exploring
simple and effective means to achieve zinc anodes with excellent
reversibility/stability is crucial to development of AZIBs.

Thus far, various states-of-art tactics, including the use of 3D anode design,
surface coating,®! and electrolyte additive!® have been applied to suppress the dendrite
formation and corrosion. Among them, a suitable electrolyte additive stands out
because of its tractable and time-saving implementation process, and its ability to
effectively ameliorate the stability of Zn anodes.”) In general, the electrochemical
reaction between the metal Zn anode and the electrolyte primarily occurs within the
electrical double layer (EDL), which plays a critical role in determining the
Zn>* deposition process.[®! The classical EDL model comprises a Helmholtz plane (HP)
and a diffusion layer (DL), where HP includes inner Helmholtz layer (IHL) and outer
Helmbholtz layer (OHL).®! In a conventional aqueous system, solvated Zn?* cations
and H2O molecules will enter the HP on the zinc anode side before the desolvation
and deposition reaction of zinc ions during the first charge, leading to uneven
distribution of EDL components between the zinc electrode and the electrolyte.[”]
Typically, in ZnSOj4 electrolytes, the coordination H2O in the [Zn(H20)s]** solvation
sheath in traditional EDL receives electrons and intensifies Hz precipitation during de-

solvation and zinc electroplating process, which can lead to an increase in OH™



concentration and the formation of zinc hydroxide byproducts with the participation
of Zn**, SO4* and H,O.'l In response to the above issue, seeking for suitable
electrolyte additive is crucial to modulate the electrode/electrolyte interface
environment, particularly customizing a HoO-poor EDL to improve anodic stability
towards advanced AZIBs. Meanwhile, the effect of the EDL regulation through an
electrolyte addition strategy on suppressing side reactions towards aqueous zinc-ion
batteries is still mysterious and needs to be unraveled.

In addition to hydrogen evolution and corrosion of zinc, dendrite proliferation is a
prevalent issue resulting in the failure of cells due to short-circuit. Recent studies have
highlighted that the crystal orientation has a significant influence on the morphology
of zinc deposits.['?! As we all know, the (002)-orientated zinc plating has been
extensively realized by electrolyte-guided deposition, mainly due to its numerous
advantages including low surface energy, low HER activity, strong ability against
corrosion and planar deposition.l'3] However, the higher chemical stability of the Zn
(002) facet basically means lower chemical activity and sluggish crystal growth
tendency, thus necessitating relatively larger polarization to drive zinc stripping in the
battery.l'¥l In addition, Zn deposited on the texture (002) substrate is likely to deviate
from the original lattice growth arising from the weak bonding of Zn (002) upon
deposited atoms, give rising in the accumulation of lattice distortion. Consequently,
(002) zinc deposition is unable to maintain continuous epitaxy, limiting the ability to
effectively manage deposited Zn under a higher planting capacity.['>] Recently, Zhang
et al. have demonstrated that the Zn (101) facet with higher surface energy and
stronger epitaxy effect achieves ordered growth, thereby displaying exceptional Zn
deposition kinetics.!'3] Meanwhile, the Zn (101) plane is considered to be a highly
reactive plane, and its rapid ion reaction kinetics are more dominant than the Zn (002)
facet in term of the competitive reaction with H"/Hz, leading to the inhibition of side
reactions, delivering an excellent CE and cycling lifespan.l'®! Therefore, tuning the
states of the plated zinc crystal along the (101) direction promises to fundamentally
achieve highly reversible and stable zinc metal anodes through the use of an

appropriate electrolyte additive. Unfortunately, so far the multifunctional regulation
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mechanism of electrolyte additive affecting Zn electrodeposition with preferential
orientation of the unconventional (101) crystal plane, in relation with areal capacity,
have not been fully and systematically investigated. More importantly, the correlation
between the established H2O-poor EDL and Zn preferential orientation of (101) plane
is still unclear and needs to be clarified. No such work has been conducted. As far as
we know, apple acid, also known as malate, is a type of organic acid that is commonly
used as an acidulant and flavor enhancer in the food and beverage industries.
Meanwhile, the structure of malate consists of two carboxylic acid groups, making it a
dicarboxylic acid. This structure exhibits the ability to provide multiple coordination
sites for metal ions, a crucial characteristic in its application as an electrolyte additive
of AZIBs.[' In addition, malate is a non-toxic and environmentally friendly
compound, which is a desirable feature for electrolyte additives. Therefore, it is
highly expected that the abundance of polar functional groups (—-COOH, —OH) and
high electron density in malate molecules can affect the Zn striping/plating behavior.
Herein, a preferential exposure of unconventional Zn (101) facet is demonstrated to
be extremely effective in promoting dendrite-free zinc deposition by adopting a small
amount of malate (Mal) molecules as an electrolyte additive. Experimental results and
theoretical calculations reveal that due to the presence of abundant polar groups (—
COOH, —OH), malate molecules exhibit strong adsorption ability on Zn anode surface,
resulting in a thicker H2O-poor EDL and improved suppression effects of corrosion
(Figure 1a). Besides, the adsorbed malate hinders the Zn?* deposition along the (101)
direction and benefits the zinc ions diffuse along the (100) and (002) direction,
achieving the preferred Zn (101) plane orientation exposure. Benefiting from this
unconventional texture exposure pattern, the assembled Zn//Zn symmetrical cell
yields an ultra-long lifespan for more than 6600 h at 5 mA ¢m2/1.25 mAh cm™,
which can still operate stably over 600 h at both ultrahigh current density of 15 mA
cm? and areal capacity of 15 mAh cm™2. The Zn//Cu cell harvests an exceptional
cycling life with a high CE of 99.5% over 6000 cycles at 5 mA ¢cm%/1 mAh cm™2,
Moreover, the long-term cycling performance of full cells based on MnO: and L@CF

cathodes can be effectively enhanced. To further explore the practical application



value for its commercialization, the cells with Gel/SA-Mal are also successfully

assembled and deliver superior cyclability.

2.Results and Discussion
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Figure 1. Physiochemical property of malate additive and solvation structure. (a) Schematic
diagrams for Zn deposition cycled in BE and Mal/BE. (b) DFT calculated binding energies of Zn?*
in association with different compounds (malate and H>O). (¢) Electrostatic potential mapping of
the original Zn?**-6H,0 in comparison to Zn**-5H,O-malate. (d) Isoelectronic density surfaces for
the LUMO and HOMO of malate (left) and H,O molecules (right). (¢) ZH NMR spectra of
different compound solutions. (f) Raman spectra of H>O, BE, and the 50 Mal/BE, and (g)
summary of the correlations of the H-bonds ratio. (h) Raman spectra for composite solutions,
distinguishing the two solvent structures: SSIP and CIP. (i) The calculated de-solvation activation
energies (Ea) of Zn//Zn symmetrical cells with BE and 50 Mal/BE at different temperatures. (j) 3D
snapshots of ZnSO4-H>0-Mal obtained from MD simulations and the radial distribution functions

and coordination number of Zn?*-O collected from MD simulations in ZnSOs-H>O-Mal.

2.1. Preparation and Properties of Electrolytes



Inspired by its widespread application in the food industry, malate (Mal) molecules
could be also utilized as a electrolytes additive of battery to facilitate aqueous zinc
chemistry based on the following consideration. A 2 M ZnSOs solution has been
considered as the base electrolyte (BE), and different electrolytes by adding 30, 50,
and 80 mM malate to the BE are studied. These samples are denoted as 30 Mal/BE,
50 Mal/BE, and 80 Mal/BE, respectively. According to the electrostatic potential (ESP)
mapping (Figure Sla, Supporting Information), the -COOH and —OH site of malate
molecules exhibit electronegativity, suggesting that this site is easily bound by cations
and undergoes electrophilic reactions. Malate molecules is highly soluble in H>O
(Figure S1b, Supporting Information), and the prepared electrolytes remains
uniformly dissolved with no significant changes for 1 month, indicating the
compatibility and continued solvation of malate in the ZnSO4 environment. Besides,
Mal/BE reflects high thermal stability, maintaining its performance even when
exposed to temperatures as high as 60°C for 120 h (Figure Slc, Supporting
Information). This outstanding thermal stability facilitates its application as an
additive in the ZnSOj4 electrolyte, guaranteeing its stable operation even under higher
temperatures. Moreover, the stability of zinc anode in the electrolyte is affected by the
value of pH, and co-evolution of H> tends to occur in a lower pH environment. As
shown in Figure S2, Supporting Information, a slight decrease in pH value after the
addition of malate is acquired, which can be ascribed to the -COOH group in malate.
Hence, the harm caused by the reduction of pH is negligible due to the use of small
amounts of malate.

2.2. The Reconstruction of HP in the EDL Structure by Malate Additive

The influence of malate molecules on the solvation structure of Zn?" ions is firstly
studied adopting density functional theory (DFT) calculations. Notably, the binding
energy (Figure 1b) of Zn?**-Mal (—0.36 eV) is found to be higher than Zn?*-H,O
(=0.15 V) and Mal-H,O (—0.06 €V), indicating that Zn>" ions are more inclined to
associate with Mal molecules than H>O inside the solvent sheath. For an intuitive
comparison, the Bader charge analysis is performed for three structures (Figure S3,

Supporting Information). The electron donation from zinc to malate is 0.08 e, higher



than that from zinc to H.O (0.07 e). Meanwhile, H,O also interacts with malate, as
evidenced by the binding energy and the electron donation (0.04 e). This result means
that the enrichment of malate molecules on the zinc anode surface to generate H2O-
poor interface within the HP, which could stop H.O molecules from contacting the
zinc anode with mitigated corrosion reaction.['® The difference in EDL capacitance in
BE and 50 Mal/BE also supports this adsorption behavior, as EDL capacitance can be
regarded as a practical parameter for assessing the state of interface between electrode
and electrolyte.['! Clearly, as presented in Figure S4, Supporting Information, the
capacitance of 50 Mal/BE (56.11 pF c¢m™) is significantly lower than that of BE
(84.56 pF cm™) calculated from the equation : i.=C (Equation S1, Supporting
Information).?”) The diminished capacitance measured by alternating current (AC)
voltammetry should reasonably be attributed to the effect of the competitive
adsorption behavior of the double-charged malate molecules that enter HP and line up
on the zinc surface, rather than the H>O molecules (Figure S5, Supporting
Information).?!] The preferred adsorption of malate molecules rather than H,O on
zinc anode can be further confirmed by molecular energy levels (Figure 1d).
Specifically, the malate molecules show a reduced lowest occupied molecular orbital
(LUMO) and an elevated highest occupied molecular orbital (HOMO) position that of
H>O, reflecting that malate can easily acquire electrons and will be reduced to the
solid electrolyte interphase (SEI) ahead of H>O, thus inhibiting the side reaction on
the zinc anode surface and therefore forming fewer byproducts. When one H>O
molecule is replaced by one molecule of malate in the Zn?**-6H,0, the electrostatic
potential value significantly decreases (Figure 1c). This reduction implies a mitigation
in electrostatic repulsion around Zn?" ions, which is beneficial to rapid transportation
of cations. To effectively demonstrate the SEI formation, X-ray photoelectron
spectroscopy (XPS) is utilized to examine the composition of the in situ formed SEI.
With the increase of sputtering depth, the intensity of C=0O peak shows a clear
tendency to stabilize (Figures S6a,b, Supporting Information). Additionally, sulfate
signals can be detected in the O 1s spectra (Figure S6b, Supporting Information),

likely due to the precipitation of zinc salts in the ZnSO4 electrolyte. It is of particular



interest to note that the high-resolution S 2p spectra not only verify the presence of
SO4* (79.4%) but also signify the presence of ZnS species (20.6%) (Figure S6c,
Supporting Information). Concurrently, as the sputtering depth increases, the content
of SO4*~ diminishes to 48.0%, while ZnS species content rises to 45.8%. Also, a minor
presence of SO3>~ species (6.2%) is detected, indicating the development of a ZnS-
rich solid electrolyte interphase. In the case of zinc metal deposited in the ZnSOs
electrolyte, only the SO4>~ characteristic peak is evident in the S 2p spectra. This
observation implies that the SOs?>~ and ZnS components may arise from the reduction
of SO4~ by hydrogen gas produced during the electrochemical reaction between
malate and Zn in the initial cycles. Based on previous reports, ZnS is crucial for
enhancing the stability and reversibility of zinc metal anodes.
2.3. The Effect of Malate Additive on Diffusion Layer of the EDL Structure
During zinc plating process, malate molecules is adsorbed on the
electrolyte/electrode interface to reshape the characteristics of HP. It is possible that
malate molecules interact with SO4>~ ions and active H>O molecules, causing them to
insert into the primary solvation sheath (PSS) of Zn?" ions, and altering the PSS
balance of Zn?* ions into the diffusion layer, which can be further experimentally
demonstrated by the nuclear magnetic resonance (NMR), Raman spectroscopy, and
Fourier transform infrared spectroscopy (FTIR) characterizations. As illustrated in
Figure S7, Supporting Information, the NMR spectrum of 'H nuclei reveals that the
interaction between malate molecules and SO4>~ ions. As the concentration of malate
in the ZnSO4 electrolyte increases, several peaks corresponding to malate encounters
a notable shift toward the high field position resulting from the amplified surrounding
electron density of hydrogen atoms. More solid evidence can be found in the
deuterium (2H, D) NMR (Figure le), the 2H peak of D>O is typically observed at
4.702 ppm, while the peak shifts to a lower field for chemical shift values in BE,
attesting a shielding effect caused by the deuterium nuclei in D>O arising from the
hydration effect of Zn?* ions present in the electrolyte. When malate in BE increases
from 30 mM to 80 mM, the 2H peaks of DO move successively toward a higher

chemical shift, which proves that the reduced activity of free water and the



establishment of robust hydrogen bond networks from the —OH groups of H>O
molecules and malate molecules. The diminished activity of H2O in the Mal/BE is
useful as it contributes to inhibit the undesired HER and alleviates the constraints
imposed by anions on cations.

Raman spectra further demonstrate the effect of the malate additives on the
hydrogen bond network and solvation structure of Zn?*. In the Figures 1f,g and Figure
S8, Supporting Information, O—H1, O—H2, and O—H3 stand for a robust hydrogen
bond, medium a weaker hydrogen bond, and non-hydrogen bonding H.O molecules,

(22] Compared with pure H>O, the peak area ascribing to O—H1 in BE

respectively.
shows a decreasing trend, which implies that some free-water molecules are involved
in the formation of [Zn (H20)s]*" complexes. On the other hand, the introduction of 30
mM malate into the BE results in an increased ratio in the O—HI1, signifying that
malate solvation releases a subset of H2O molecules. What’s more, the proportion of
O—H2 and O—H3 components in the BE is higher than that in pure H>O, indicating
the HO molecules and the SO4* ions around Zn?*' are involved in the hydrogen
bonding interaction. After the introduction of malate into the BE, the proportions of
O—H2 unit undergo a gradually augmented situation, evidencing a progressive
expansion of the hydrogen bond networks. This tendency can be attributed to the -OH
and —COOH functional groups of malate molecules acting as electron donors,
developing a connection with hydrogen atoms from H>O. As a result, the previously
active H,O molecules are no longer regarded as “free”, and a substantial hydrogen
bond network is established between malate and H>O molecules in the Mal/BE. This
expansion of hydrogen bond networks can be further evidenced by FTIR analysis
(Figures S9a,b, Supporting Information). As the concentration increases for malate
additive, significant red shifts and wider peaks are found in the bending vibration of —
OH groups located at 3100-3800 cm™'. These changes suggest an increased
interaction between H>O and malate molecules, causing the formation of stronger
hydrogen bonds. In addition, a slight blue shift appears in the bending vibration of
H>,O within the 1650-1700 ¢cm™ range, providing more evidence for improved

hydrogen bonding among H>O molecules. This shift means that malate molecules



occupy the active sites of H>O in the solvation structure, resulting in the electrolyte
environment recombination in the diffusion layer of EDL.
Beyond that, the hydrogen atoms in malate molecules can also accept lone pairs of

electrons from the oxygen atoms in SO4*-

ions, leading to the reconstruction of
hydrogen bond networks. Raman spectroscopy is further employed to excavate the
involvement of SO4? ions in the solvation structure. In the ZnSQOs-based electrolyte,
two forms of ion-pair species exist according to their association degree, namely
solvent-separated ion pairs (SSIP, [Zn?*"(H20)s'SO4>7]) and contact ion pairs (CIP,
[Zn**(H,0)s-OS03%7)), as displayed in Figure 1h. The broad peaks observed near 980
cm!, assigning to the vibrational stretching of the SO4> (¥-SO4*") band in the
presence of various concentrations of malate additives, are separated to determine the
contributions from SSIP and CIP.?*} With the augment of malate content, the v-SO4*
band moves toward higher frequencies, and the percentage of CIP progressively
increases. This observation signifies that the hydrogen bonds between malate and H>O
weaken the interaction between H>O and Zn?*, guaranteeing more SO4* ions to enter
into the primary solvation sheath. In addition, FTIR also reflects a weakening of the
constraints around the SO4>~ within Mal/BE (Figure S9¢, Supporting Information). In
the BE system, the v-SO4?~ is observed at 1079.9 cm™, while a continuous blue shift
in v-SO4% is found when increasing malate concentration in the BE, manifesting that a
weakened constraint around SO4>.

It has been proven that the desolvation of Zn?' is the critical obstacle to ion
migration upon the zinc deposition process. [**! Hence, the desolvation ability of Zn**
in both BE and 50 Mal/BE are quantitatively evaluated by determining the activation
energy (F.) based on the Arrhenius equation (Equation S2, Supporting Information).!?’!
As shown in Figure S10 and Table S1, Supporting Information, the R. of the
symmetric cells including BE and 50 Mal/BE is acquired via electrochemical
impedance spectroscopy (EIS) profiles at various temperatures (30-70°C). The cell
using BE exhibits an E,-value of 30.0 kJ mol™!. In addition, the Ea-value of the cell
with 50 Mal/BE decreases to 17.8 kJ mol™!, meaning that the newly formed EDL is

conducive to desolvation and ion transport processes (Figure 1i). Moreover, the



addition of malate notably promotes migration of Zn?* ion in the electrolyte, as
evident by the comparatively higher Zn?>* transference number (¢z°*) in the 50
Mal/BE in contrast to BE (Figure S11 and Equation S3, Supporting Information). The
above improvements evidence that the weakened Zn?" solvation to guarantee rapid
transport of Zn?', thereby endowing the process of zinc stripping/plating with
competitive reaction kinetics.[?’! Subsequently, molecular dynamics (MD) simulations
are conducted to investigate the effects of malate additives on ZnSOj4 electrolyte . In
the BE system, the results indicate that average one Zn** is coordinated with six H,O
molecules and one SO4* anion. Meanwhile, the 3D snapshot shows that the
coordination number of H>O molecules in the Zn?* primary solvation shell is replaced
by introduced malate molecules. The coordination number (ACN) of solvated Zn?* is
applied by radial distribution functions (RDFs). For Mal/BE system, a sharp Zn—O
(Mal) peak appears at around 2 A in the distance, which is the same as that of BE,
implying the insertion of the double charged malate into the PSS of Zn?*. Moreover,
the coordination number of H2O molecules drops from 4.97 to 4.92, suggesting that
malate tends to replace the inner water and penetrate the PSS of Zn?* to coordinate
with Zn** (Figure 1j and Figure S12, Supporting Information).l'¥! This ingress
possesses potential to reduce the presence of active H.O molecules, thus effectively
lowering the occurrence of serious HER and its adverse by-reactions.

In short, based on the combination of above discussion, the positive roles of malate
molecules in reshaping the EDL structure and chemistry can be attributed as follows.
(i) The additive of malate molecules can not only adjust Zn?>" solvation structure with
the formation of [Zn (H20)s(Mal)]** resulting from the interactions between malate
and Zn** ions, provide a 3D transport channel for Zn?* ions, but also destroy original
H-bonds networks to rebuild novel H-bonds. (ii) a HoO-poor EDL on the zinc anode
side can be customized through chemical attachment with Zn?" ions, which can isolate
H>O as a corrosion inhibitor to corrode zinc anode surface, thus greatly facilitating
stability and reversibility of zinc metal anode.

2.4. Suppression of Corrosion and Hydrogen Evolution by Malate Additive
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Figure 2. Side reaction resistance of Zn electrode without/with malate additive. (a) SEM images
of Zn foils following 3-day immersion in BE, 30 Mal/BE, 50 Mal/BE, and 80 Mal/BE. (b) XRD
patterns of the Zn soaked in different electrolytes. The XPS spectra of (c) Zn 2p, (d) S 2p, and (e)
O 1s on the surface of Zn foil soaked in the BE and 50 Mal/BE. (f) Raman spectra of Zn soaked in
the BE and 50 Mal/BE. (g) Tafel curves for describing corrosion of Zn anodes in different
electrolytes. (h) Hydrogen evolution polarization curves and (i) corresponding Tafel plots of zinc
anode in different solutions. Ex situ GC of AZIBs during stripping/plating process of (j) 50
Mal/BE and (k) BE system. (1) Infrared thermography images of Zn anode in BE and 50 Mal/BE

after 50th plating. In situ optical microscopy observation of zinc deposition on zinc foils in (m)

BE and (n) 50 Mal/BE after 50 cycles.

The potential of using malate additive to facilitate corrosion resistance of Zn
anodes is investigated through immersion experiments. Following a 3-day immersion
of Zn foil in the BE, a rugged surface morphology with a considerable number of
hexagonal flake-like crystals is observed on the zinc anode surface from scanning
electron microscopy (SEM) (Figure 2a). This phenomenon can be ascribed to
vigorous side reactions and subsequent formation of corrosion by-products
(ZnsSO4(OH)s-5H20), which can be demonstrated by X-ray diffraction (XRD)

patterns with an emerging evident peak (Figure 2b). Upon introducing different



concentrations of malate (30, 50, and 80 mM) to the electrolyte, a relatively flat and
uniform surface is maintained (Figure 2a). Besides, as respectively displayed by the
3D optical microscopy images in Figure S13, Supporting Information, the Zn
electrode in 50 Mal/BE possess a flat surface with a small height R, of 44.2 nm, while
that in the BE show significant undulations in height (R. = 64.1 nm), implying the
effective dendrite inhibition ability of malate molecules. Additionally, the absence of
the by-products peak in the Raman spectrum is also evidence that malate could
effectively inhibit ZnsSO4(OH)s-5H20 production (Figure 2f). This situation is also
characterized by XPS spectra for the electrode after soaking (Figures 2c—e). The
results manifest that there is a significant improvement in anti-corrosion performance
after the addition of malate by chemisorbing onto zinc surface via -OH and -COOH
functional groups. The discrepancy in corrosion among these electrolytes is closely
linked to the adsorption capability of malate additive on zinc surface. To assess the
adsorption capabilities, variations in contact angle are measured for different
electrolytes (Figure S14, Supporting Information). The contact angle between BE and
Zn foil is recorded as 98°. The introducing of different concentrations of malate (30,
50, and 80 mM) into BE leads to the decease of contact angles to 76°, 57° and 48°,
respectively, indicating that the presence of —OH and —COOH groups are beneficial
for the wettability of aqueous electrolytes. This chemisorption effect can be confirmed
through the FTIR analysis. FTIR result display evident peaks located at 1140 cm™,
assigning to the C—O stretching vibration of malate on the zinc foil immersed in 50
Mal/BE (Figure S15, Supporting Information).?’! Additionally, the EIS test is
conducted to investigate ionic conductivity of both BE and Mal/BE (Figure S16 and
Equation S4, Supporting Information), demonstrating a noticeable improvement in
ionic conductivities of Mal/BE in contrast to BE. Furthermore, infrared thermal
imaging is applied to verify formation and distribution of by-products by leveraging
the difference in thermal conductivity of Zn anode and ZnsSO4(OH)s* SH20. Figure 21
clearly reveals that Zn anode possesses uniform thermal distribution in the cooling
process under the presence of malate additive, indicating it has a homogenous surface.

In order to accurately measure suppression effect of HER reaction in Mal/BE



during Zn deposition/dissolution process, linear sweep voltammetry (LSV) test is
investigated. For the HER activity test, the onset potential of the HER in the Mal/BE
is higher compared to the BE, especially when the malate additive concentration is 50
mM (Figure 2h), revealing a reduction in the risk of H> generation due to electrolyte
solvation structure. And the corresponding Tafel slope fitted by LSV profiles in Figure
2i reflect that the most remarkable damping of HER kinetics occurs with 50 Mal/BE,
with a value of 438.22 mV dec™!. This highlights significant efficacies of malate as an
inhibitor in restraining the water decomposition reaction. As revealed in Tafel
polarization profiles (Figure 2g and Figure S17, Supporting Information), the Mal/BE
displays a lesser corrosion current density and a higher corrosion potential than BE,
reflecting a well-restrained corrosion rate and tendency of Zn anodes with the
presence of malate in aqueous electrolytes. Besides, the degree of interface HER
reaction is a key factor in judging corrosion in zinc anode. To accurately quantify the
inhibition of HER, ex-situ GC analysis is performed on zinc symmetric cells using
both BE and 50 Mal/BE (Figures 2j,k). Evidently, when solution Oz is removed, the
50 Mal/BE system shows a significant reduction in the amount of H> produced in
contrast to BE systems. The concentration of H in the 50 Mal/BE system ranges from
5.26 to 15.67 ppm, in sharp contrast to BE systems, displaying a range of 8.45 to
22.85 ppm. The H» generation originates from parasitic reactions occurring in the Zn
anode under aqueous conditions, as shown by the equation: Zn+2H>O—H>1+Zn(OH)..
Meanwhile, the visualized transparent Zn//Zn symmetric cells are used to observe the
reaction phenomena on the surface of zinc foil to analyze the effect of malate additive
on the electrolyte/Zn interface HER. As presented in Figure 2m, large amounts of
bubble accumulation (Hz), "dead zinc", and dendrites are found on the zinc foil
surface with BE. For 50 Mal/BE, under the same conditions, there is neither bubble
accumulation nor "dead zinc" on the zinc surface (Figure 2n).

2.5. Zinc Deposition Behavior and Morphology Evolution in Different

Electrolytes
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Figure 3. In situ optical microscope observation of the zinc deposition process for the case of (a)
BE and (b) 50 Mal/BE, and (c,d) the corresponding optical microscope images after 60 min. The
numerical simulation of electric field distribution and equilibrium Zn?* concentration with (e,g)
BE and (f,h) 50 Mal/BE. (i) CV curves of the Zn//Cu asymmetric cells with BE and 50 Mal/BE. (j)
CA curves of the Zn//Zn symmetric cells with BE and 50 Mal/BE at a constant overpotential of —
150 mV and the corresponding schematics of Zn?" diffusion and deposition process. EIS curves of
the Zn//Zn symmetric cells with (k) BE and (1) 50 Mal/BE during EIS measurements, and
corresponding analysis of distribution of DRT upon galvanostatic in (m) BE and (n) 50 Mal/BE,

respectively.

To record the real-time zinc plating courses at different electrolytes, in situ optical
microscopy is conducted to monitor the information on zinc anode surface. As
presented in Figure 3a, the zinc electrode presents a smooth surface before the

electroplating test, and inhomogeneous zinc deposits with preferred nucleation sites is



observed in the BE system after 20 min plating. Further extension of the plating
duration causes significant zinc protrusions, which eventually transforms into
dendrites with a large size after 60 min. Notably, the appearance of Zn dendrites in BE
is accompanied by a large number of bubbles, mainly due to water decomposition
throughout the Zn plating process. Conversely, a nearly flat and smooth Zn surface
with no visible bubbles and Zn dendrites is found throughout the test in the case of
Mal-added electrolyte (Figure 3b). To further confirm the contribution of malate
molecules on Zn deposition, 3D optical surface-profilometry images are performed to
reveal height difference of electrodes. As depicted in Figure 3c, the Zn surface with
BE exhibits a large altitude intercept after 60 min plating due to the rugged surface,
while Zn anode with 50 Mal/BE is conspicuously flatter with small altitude intercepts
in plating thickness (Figure 3d). To deeply delve into the effect of malate on
regulating the interfacial electric field and Zn?** concentration field, the numerical
simulation is carried out in the scenario with or without malate additive. As exhibited
in Figure 3e, due to the chaotic distribution in electric field and increased intensity on
the top of zinc seeds in BE during the process of deposition, Zn?" tends to nucleate
around the tips with increased activity, resulting in irregular Zn?* protrusions and
random concentrations (Figure 3g). However, the introduction of malate generates
uniform electric field in the interface (Figure 3f), thus forcing the high Zn?*
concentration to spatially diverge from the electric field and depositing to adjacent flat
locations rather than to the tips with lower reactivity and minimum surface energy,
ultimately inducing uniform charge redistribution (Figure 3h).

To assess the influence of Mal-regulated EDL structure on zinc deposition behavior,
cyclic voltammetry (CV) characterizations of asymmetrical cells in different
electrolytes is conducted. The nucleation overpotential (NOP) of the electrolyte is
expressed as the interval between A site (reduction potential) and the B site (crossing
point). The asymmetric Zn//Cu cell introducing malate additive delivers higher NOP
than that BE (JAA'| = 41 mV) (Figure 3i), which may be related to the formation of
massive nuclei, leading to fine-grained and compact zinc deposition.!?8! Furthermore,

the distinct process of zinc deposition in the electrolytes with and without malate


https://pubs.acs.org/doi/full/10.1021/acsnano.3c03220

additives can be reflected using chronoamperometry (CA) profiles based on current
responses at an overpotential of —150 mV. As schematically depicted in Figure 3j, the
Zn electrode in the BE delivers a continuous increase in current density over 200 s,
corresponding to uncontrolled 2D diffusion process of Zn?* ions, in which the surface
area of the electrode continues to rise arising from the well-known “tip effect”. Unlike
that, the tendency towards increasing current density in the 50 Mal/BE is relatively
moderate, which could be associated with the dominance of 3D diffusion process
during the primary nucleation. In this case, finer nucleus seeds with high areal density
are formed at the initial stage, possibly due to the lower barrier in nucleation and rapid
growth of (101) crystal plane. During the process of subsequent deposition, 3D
diffusion occurs because of the in-plane diffusion deposition process of zinc atoms
along the (002) and (100) planes. Distributions of relaxation times (DRT) analysis
method is employed to clearly identify the results of in-situ EIS tests for Zn//Zn
symmetric batteries (Figures 3k,1). It is reported that peaks ranging from log [ (s)]; =
—1.5~—4 are attributed to the charge transfer process at Zn-ions cross the interface.[>’]
Expectedly, the charge transfer and ion transport quickly become stable after during
the plating/stripping process in 50 Mal/BE, which facilitates transport kinetics of Zn?*
and induces uniform Zn deposition (Figures 3m,n). Therefore, it is concluded that
malate in HP ameliorates the desolvation of Zn>" and greatly expedites its diffusion

kinetics, thus guaranteeing uniform deposition of zinc.
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Figure 4. Analysis on the evolution of zinc deposition morphology and crystallographic texture of
zinc surface. (a,b) The collected SEM images, and (c,d) XRD patterns of the surface of zinc plate
after different cycles in BE and 50 Mal/BE. (e,f) The corresponding line chart for the fitted RTCs
of Zn (101), Zn (002), and Zn (100) planes. (g) The 2D GIWAXS results of zinc anodes after 50
cycles in 50 Mal/BE and BE. (h) Adsorption energies of malate molecules on the Zn (101), (002),
and (100) facets. (i) Zn?>" migration energy on different state Zn surface for malate adsorbed Zn

slabs.

In addition to the capability to Zn>" ion migration manipulation, the mechanism
behind the significant improvement in electrochemical reversibility empowered by the
adsorption layer containing malate is studied via ex situ SEM and XRD analyses. The

* diffusion processes of SEM images in different electrolytes with reasonable

morphological evolution after different cycles at 5 mA ¢cm™ with a cutoff capacity of



2.5 mAh cm can be schematically described in Figures 4a,b. Obviously, the fresh Zn
electrode maintains a smooth and uniform surface, which becomes rather disordered
and fragile with the generation of a large number of randomly stacked zinc
protrusions after 50 cycles (Figure 4a), and will give rise in serious tip discharge and
eventually exacerbates the growth of Zn dendrite in subsequent cycles. The cross-
sectional SEM images after 50 cycles shown in Figure S18a, Supporting Information
further confirm this process. Instead, the use of 50 Mal/BE enables cycled zinc
electrode to possess a compact and dendrite-free deposition with no production of pit
and crack throughout the platting/stripping process (Figure 4b and Figure S18b,
Supporting Information), consistent well with the excellent improvement in the
cycling stability and durability of electrode. Besides, even after 50 cycles, a clean and
compact surface with a much smaller fluctuation in height is acquired for the zinc
plate from the disassembled battery (Figures S19,20, Supporting Information).
Moreover, the thickness of the in post-cycling Zn//Zn symmetric cell with BE shows a
continuous increase, in contrast to no significant change in thickness of Zn//Zn with
50 Mal/BE (Figure S21, Supporting Information), which could be due to the effective
suppression of parasitic side reactions within the battery by the malate additive during
electrochemical cycling. The deposited zinc orientation of different
electroplating/stripping cycles in both BE and 50 Mal/BE has been revealed by XRD
patterns. In particular, the intensity ratio (R= loo2/I101) of (002) and (101) facets are
adopted to assess the orientation of zinc platelet deposition. As shown in Figures 4c.d,
the R value is 0.70 in Zn foil prior to cycling. Remarkably, the value of R is 0.44 after
10 cycles with malate additive, and then continuously decreases in the following
cycles (Figure 4d), which indicates that malate can induce more exposed distinctive
Zn (101) texture. In contrast, the value of R changes irregularly with increasing cycles
in the BE system (Figure 4c), largely stemming from the random orientation of zinc
flakes. For evidencing the textured orientation along (101) in the 50 Mal/BE system,
as one of the most crucial indexes, the relative texture coefficient (RTC) for three

representative facets of (100), (101), and (002) is further taken into account via the



equation : =/ 100, YA larger value of RCT means that
) Ceh/oc )

corresponding plane exhibits a higher exposure on the zinc surface.’!! Hence, based
on the XRD results, the RTC values of different facets versus cycles of post-cycling
Zn foils in different electrolyte systems are further illustrated. As depicted in Figure 4f,
Zn (101) plane after adding 50 Mal/BE encounter continuous increment for RTCs as
the cycle progresses, whereas a diminished tendency in (002) facet. Specifically, the
RTC-value of the Zn (101) plane increases from 35.23 to 65.64, while the value of
(002) plane decreases from 46.51 to 11.76. On the contrary, the BE system presents
irregular variations after different cycles (Figure 4e), originating from the absence of
preferential growth for any zinc planes during the cycling. The comparative analysis
of the RTC significantly validates the occurrence of preferred orientation behavior for
Zn anode in 50 Mal/BE during cycling, and the manipulation of crystal orientation is
achieved by inducing preferential exposure of Zn (101) facet rather than (002) and
(100) facets. In addition, the several undesired peaks involving by-product on zinc
anode with BE system after cycling can be clearly observed. Different from BE
system, the diffraction peaks of are almost absent of cycled Zn anode with the
presence of malate additive. The texture and orientation anisotropy of zinc deposition
acquired from electrolytes with BE and 50 Mal/BE are also characterized adopting 2D
GIWAXS patterns. As evidenced in Figure 4g, the image for zinc deposits acquired
from the 50 Mal/BE exhibits a relatively higher Zn (101) peak ratio than that
employing BE, which again suggests that Zn (101) becomes the dominant facet of
zinc deposits after adding malate.[3?!

Based on the properties and atomic arrangement of zinc in various planes of
hexagonal close packed (hep) structure, DFT is employed to calculate the binding
energy between different zinc crystal planes of malate. The view of the adsorption
mode of malate on each of the Zn (101), (002), and (100) crystal planes and their
corresponding values of adsorption energy are exhibited in Figure 4h, respectively.
The value for binding affinity with (101) crystal plane (-0.68 eV) is lower than (002)

(-2.11 eV) and (100) planes (-2.02 eV), demonstrating that there is less constraint on



Zn*" ions upon (101) facet. The Zn?* ions have a tendency to diffuse to (002) and (100)
facets and then deposit, thus, the lowest rate of Zn?>* deposition on Zn (101) crystal
plane enables Zn (101) texture exposure. The different rates of Zn*>* deposition on
various crystal planes is further elucidated by Zn?" migration energy. On the malate
adsorbed zinc surface, the migration energy of Zn?>* under different positions on the
Zn (101) is lower than that on Zn (002) and (100) planes (Figure 4i), revealing that
the faster migration for Zn ions on Zn (101) facets. In this case, Zn?>" ions can easily
diffuse along (002) and (100) directions to other facets, boosting distinctive Zn (101)
texture exposure, which can be considered as homoepitaxial growth. These results
confirm that the malate molecules preferentially adsorb on the zinc surface,
controlling zinc deposition rates on different planes and facilitating orientation growth
of crystallographic facet.

2.6. Electrochemical Performance Evaluation of Zn Anode
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Figure 5. The electrochemical performance of asymmetric and symmetric cells. (a) CE profiles of
the asymmetrical cells assembled by different electrodes at 5 mA ¢cm?/1 mAh cm™, and the
corresponding galvanostatic cycling curves for (b) Zn//Cu cell with 50 Mal/BE and (c¢) Zn//Cu cell
with BE at different cycles. (d) CV profiles of symmetric cells using BE and 50 Mal/BE at 1 mV
s, (e,f) Rate performance of symmetric cells at current densities from 0.5 to 10 mA ¢m™ with a
fixed capacity of 1 mAh cm™, and (g) corresponding exchange current densities with BE and 50
Mal/BE. Long-term galvanostatic cycling performance of symmetric cells at current
densities/capacities of (h) 5 mA ¢cm%/1.25 mAh cm2, (i) 5 mA cm%/5 mAh cm™ and (j) 10 mA
cm %20 mAh cm2, 15 mA cm?/15 mAh cm™2. (k) Cumulative capacity comparison between this

work and recent studies.

Since the nucleation stage is critical to understanding the transition process of zinc
dendrites, we compare the nucleation overpotential of zinc in BE and Mal/BE to
elucidate how malate molecules regulate the nucleation behavior of zinc. Given these

concerns, the nucleation overpotentials of the Zn//Cu asymmetric cells are compared



from the initial voltage profiles of Zn plating at current densities of 1 mA ¢cm™ and 5
mA cm2. As exhibited in Figure S22, Supporting Information, the nucleation
overpotential of Zn electrode in Mal/BE is always lower than that in BE, signifying
that the malate-modified EDL can effectively diminish the resistance for zinc
nucleation. Interestingly, the asymmetric cell with 50 Mal/BE harvests the optimal
performance and is used for the following investigation. The Coulombic efficiency
(CE) is also an essential parameter to investigate the influence of malate molecules
for reversibility of the Zn plating/stripping during the continuous cycling. Firstly, the
Zn//Cu asymmetric cells with/without malate additive are subjected to
charge/discharge cycling at the current density of 5 mA c¢cm™ under a capacity of 1
mAh cm™ to evidence the CE, and the results are shown in Figures 5a—c. The Zn//Cu
cell in 50 Mal/BE sustains an average CE of = 99.5% over the course of 6000 cycles
with stable voltage profiles of only 130 mV. In striking contrast, a significantly short
cycling life (= 500 cycles), low CE (<98%) and sharp voltage fluctuations (=<181mV)
are observed for the Zn//Cu cell adopting BE. When applied to a higher current
density of 10 mA cm~ (Figure S23, Supporting Information), the Zn//Cu cell with 50
Mal/BE still shows the smaller voltage hysteresis with a higher average CE of =
99.2% during extended cycle life (over 5000 cycles) compared with the BE system (=
96.7%), also indicating that the cycling reversibility can be notably facilitated by the
malate additive. The same conclusions can be acquired under a current density of 1
mA cm™ and a current density of 1 mA cm™ (Figure S24, Supporting Information).
According to classical thermodynamics, an increase in temperature tends to
exacerbate HER. However, even when the Zn//Cu cell with 50 Mal/BE operates at a
harsh temperature of 60°C, it still delivers a CE of 98.9% beyond 1500 cycles and
steady potential profiles, greatly surpassing that observed in BE (50 cycles, 96.5%)
(Figure S25, Supporting Information). The significant enhancement of CE can be
ascribed to the favorable effect of malate on adsorption and solvation structure, which
blocks side reactions and dendrite formation. To study the reversibility and
electrochemical kinetics of symmetric cell with BE and 50 Mal/BE during the

plating/stripping process, CV tests are performed at a scan rate of 1 mV s!. The cell



with 50 Mal/BE possesses a higher maximal current density and larger integrated
peak area than BE, underscoring the improved kinetics and interfacial activity for zinc
deposition endowed by malate molecules (Figure 5d and Figure S26, Supporting
Information). Figures Se,f reflect the rate capability of symmetric cells in BE and 50
Mal/BE at a cut-off capacity of 1 mAh ¢cm™ and a spectrum of current densities
ranging from 0.5 to 10 mA cm2. Obviously, the symmetric cell in the 50 Mal/BE
delivers a distinguished rate performance with substantially lower polarization voltage
under all current densities compared to that in BE. To precisely assess the zinc
deposition kinetics, the exchange current density (io) which is closely related to the
zinc electrodeposition process is studied adopting the Butler-Volmer approximation

equation: = g Z. 3 According to the linear fitting, a higher io of 2.22 mA ¢cm™

is acquired for the cell with 50 Mal/BE in contrast to io of 1.35 mA cm2 for the BE
(Figure 5g), directly demonstrating that the decreased the overpotential and improved
Zn?* transport kinetics due to the presence of malate.

The effect of malate concentration on the electrochemical performance of zinc-
symmetric batteries is further investigated. It is found that the long-term galvanostatic
cycling stability of 30 Mal/BE and 80 Mal/BE is slightly inferior to that of 50 Mal/BE
at the current density of 5 mA ¢cm™ with a fixed areal capacity of 1.25 mAh cm™,
which further emphasizes the necessity of an optimum amount of malate additive.
Specifically, the Zn//Zn cell with 50 Mal/BE harvests a an ultralong lifespan (6600 h)
approximately 44 times longer than the Zn//Zn cell using BE without the occurrence
of obvious fluctuations and presents a low polarization voltage (= 84.1 mV) at a
current density/capacity of 5 mA c¢cm?/1.25 mAh cm™? (Figure 5h), indicating a
significant improvement in the reversibility of zinc deposition/dissolution. In contrast,
the symmetric batteries with 30 Mal/BE and 80 Mal/BE present higher voltage
hysteresis after only 650 h and 580 h, respectively (Figure S27, Supporting
Information). For one thing, a less concentration of malate is not sufficient to affect
the solvent structure, resulting in an inadequate reduction of H>O activity and the

inability to form a solid chemisorption protective layer. For another, an excessive



quantity of malate will cause an increase of Zn nucleation potential (Figure S28,
Supporting Information) and the formation of a thicker protective layer on the zinc
surface, which leads to a higher energy barrier of zinc deposits and larger charge
transfer impedance (Figure S29, Supporting Information). Meanwhile, the battery in
the BE system encounters a strong voltage fluctuation, and the polarization voltage
abruptly surge after merely ~150 h, which is a sign of interior short circuit. The poor
cycle lifetime and apparent polarization voltage for BE system is ascribed to drastic
growth of Zn dendrites and notorious side reactions, which greatly enlarges the
interfacial impedance between the Zn foil and the ZnSOs electrolyte, while the
introduction of malate is effective in mitigating the side reactions and dendritic
growth of zinc. As a factor affecting zinc deposition, the higher plating/stripping
capacity in long-term galvanostatic cycling can increase dendrite size and lead to
rampant dendrite formation, thus worsening zinc deposition behavior.['33 At a high
current density/capacity of 5 mA cm2/5 mAh cm™ (Figure 5i), for BE system, the
derived cell merely works for 50 h with sudden and substantial voltage oscillation.
With the incorporation of malate molecules, encouragingly, the 50 Mal/BE endows
Zn//Zn symmetric cell with an extended lifespan of 1750 h, along with a slightly
lower voltage hysteresis of = 94.2 mV, reflecting the diminished energy barrier on the
surface of Zn anode in Mal-containing electrolyte for zinc plating/stripping processes.

This stable zinc deposition behavior with 50 Mal/BE is also verified by SEM and
XRD after 100 h at 5 mA ¢cm™ (Figure S30, Supporting Information). A loose and
messy structure with by-products and dendrites is observed at Zn anode with BE in
the SEM, which would lead to intracellular short circuits. On a striking contrast, the
Zn electrode still exhibits a highly dense and smooth state after cycling, with no by-
products or dendrites in 50 Mal/BE system, which are consistent with XRD results.
Also, the S element in the EDS mapping of post-cycling zinc foil with 50 Mal/BE is
almost non-existent, while the presence of S element in BE system can be ascribed to
the production of by-products (Figure S31, Supporting Information). More
impressively, even when adopting a higher current density of 15 mA ¢m™ at an areal

capacity of 15 mAh ¢cm™ (Figure 5j), the 50 Mal/BE system can still ensure stable



zinc plating/stripping operation for about 600 h, much longer than that employing BE.
Conversely, the short is witnessed in a very short time (=22 h) for BE. Take into
account that the high depth of discharge (DODz, > 40%) is essential to meeting the
requirements of practical applications,** further interrogation of Zn//Zn cell with
malate molecules is performed at a brutal condition of =68.4% DODgz, (current

density of 10 mA cm2 and areal capacity of 20 mAh cm™

, Figure 5j). Encouragingly,
the Zn//Zn symmetric cells including 50 Mal/BE could sustain highly stable cycling
for 420 h, while the ones in BE experiences short circuits with a cycling life of only
ca. 30 h, arising from dendrite-induced short-circuit and corrosion. Compared with
previously reported works about electrolyte optimization, our work is highly
competitive in terms of the cumulative capacity (Figure 5k and Table S2, Supporting
Information). The exceptional performance at super-high capacity primarily originates
from the fast kinetics caused by facilitating oriented dense deposition of Zn (101)
plane. Meanwhile, the ultra-long cycle stability is attributable to the dendrite-free Zn
anode composed of flat and smooth Zn (101) texture. Even at a high temperature of
60 °C, malate has shown the ability to stabilize the electrolyte (Figure S32,
Supporting Information). Besides, no distinct fluctuation in voltage and overpotential
increase are found at voltage-time profiles of the symmetrical cells with 50 Mal/BE
after experiencing various standing times from 3 to 15 days (Figure S33, Supporting
Information). This can be ascribed to the suppressed competitive HER during the

process of cycling, benefitting from the protective layer of adsorbed malate.

2.7. Full Cell Evaluation
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Figure 6. Electrochemical performance of full batteries with BE and 50 Mal/BE. (a) The CV
curves of the Zn//MnO> cells with the scan rate of 0.1 mV s™. (b) The Dz?*" values calculated
from the CV tests at varied scan rates. (c¢) EIS plots of the Zn//MnO; cells. (d) Cycling
performance of Zn//MnO: cells at 0.3 A g™!. (¢) Rate performance of Zn//MnO cells in at various
current density values and (f) corresponding charge/discharge curves. (g) Cycling performance of
Zn//MnO; cells at 1 A g™!. (h) SEM images of Zn//MnO: cells with BE and 50 Mal/BE after 100
cycles at 1 A g™!. Self-discharge test curves of Zn//MnO; cells with (i) 50 Mal/BE and (j) BE by
resting 24 h. (k) Nyquist plots of the Zn//L@CF cells. (I) Long-term cycling performance of
Zn//L@CF full batteries at 2.5 A g™\

Ultimately, to further validate the merits of malate in full cells, Zn//a-MnO> and
Zn//l@CF (carbon flowers) full cells are assembled, and their electrochemical
properties are investigated. The crystalline structure and morphology characterization
of as-synthesized a-MnO:; and L@CF are shown in Figure S34, Supporting
Information. The CV profiles of Zn//MnO: cells in different electrolytes display two
pairs of oxidation and reduction peaks (Figure 6a), which is typical characteristics of

a-MnO: in ZnSOs electrolyte. Clearly, the full cell with 50 Mal/BE shows a reduced



voltage polarization in contrast to the BE counterpart, suggesting enhanced charge
transfer and facilitated Zn-storage kinetics resulting from the optimized solvation
structure by malate. Then, the corresponding Zn?* diffusion coefficients (Dz.>") values
of Zn//MnO; full cells are assessed by the CV curves at the scan rate of 0.1-2.0 mV s~
1,351 and the fitted slope of peak intensity is presented in Figure S35 and Equation S5,
Supporting Information. The Dz’* of the full-cell employing 50 Mal/BE is larger than
that of the BE in all cathodic and anodic reactions (Figure 6b), causing a
redistribution in Zn?* flux and makes Zn?* transport faster at the same time.® The
relationship between the current (i) and sweep rate (v) is as follows: ( )=  [7In
general, when b value is close to 0.5, the main control process is ionic diffusion, while
b close to 1 means a capacitive-controlled behavior.l*¥! The calculated b values of
peaks 1-4 are 0.59, 0.71, 0.83, and 0.60, respectively, indicating that the
electrochemical kinetics is co-dominated via surface-control and diffusion-control
behavior. As illustrated by the Nyquist plots (Figure 6¢), the full cell with 50 Mal/BE
shows a smaller charge transfer resistance compared to BE, providing evidence that a
reduced transport impedance is mainly ascribed to the regulation of the metal-
molecule adsorption interface by malate. The full-cell using 50 Mal/BE after 100
cycles still has small electrochemical resistance and large Zn?" ion diffusion compared
to that in the BE system without additives.

Subsequently, the cycling performance is evaluated at 0.3 A g! (Figure 6d). The
full cell with 50 Mal/BE can maintain stable discharge capacity during 200 cycles,
while BE counterpart shows obvious capacity fading. At a higher current density of
0.5 A g'! (Figure S36, Supporting Information), the Zn//MnO:; full cell employing the
50 Mal/BE acquires a decent cycling performance at room temperature, with a higher
capacity retention after 800 cycles. In contrast, a worse capacity retention occurs in
the counterpart utilizing BE, emphasizing the boosted charge transfer and enhanced
storage kinetics of Zn owing to the addition of malate. Supportive evidence is also
evident in the rate performance, as well as corresponding galvanic charge-discharge
(GCD) profiles of full batteries adopting different electrolytes (Figures 6e,f and
Figure S37, Supporting Information). As expected, 50 Mal/BE enables MnO: cathode



to achieve an outstanding rate performance, with a higher reversible specific capacity
of 118.7 mAh g' at 5 A g!, exceeding the capacity of BE (= 74.5 mAh g'). Besides,
the higher-rate cycling mode of 1 A g! is employed so as to further illustrate the
superiority of Zn//MnO; cell with Mal/BE (Figure 6g). The remarkably enhanced
discharge capacity of 139.7 mAh g at 1 A g! can be achieved in Zn//MnO: battery
with 50 Mal/BE after 1000 cycles, corresponding to sluggish capacity loss rate of ca.
0.027% per cycle and a stable CE of nearly 100%, superior to that of the full-battery
with BE, with reversible capacity of 46.4 mAh g! at 1 A g'! (capacity decay rate: =
0.075% per cycle). The corresponding 3D optical microscope images presents a
coarser distributed surface with a larger maximum height difference for the cell with
BE after cycling, while relatively flat surface with a low altitude intercept is observed
for post-cycling cell with 50 Mal/BE (Figure S38, Supporting Information). The SEM
images of Zn//MnO: cells after cycling further explain detailed illustration. As shown
in Figure 6h and Figures S38-41, Supporting Information, the zinc anode with BE
exhibits an extremely rough surface with a large number of rampant dendrites,
increasing the risk of battery failure. In contrast, the anode with Mal-adding
electrolyte maintains an intact and smooth surface after cycling. Similar conclusion of
the benefits with the presence of malate additive could be also witnessed XRD
patterns (Figure S42, Supporting Information). The self-discharge phenomenon of the
fully charged cells is then detected to assess the storage performance of aqueous
battery system during shelf life (Figures 61,j). After resting for 24 h, the Zn//MnO:
battery with 50 Mal/BE maintains a high-capacity retention of 92.7% of its original
capacity due to the suppressed parasitic reactions, far outperforming the BE case
(85.6% retention), underscoring the ability of malate to restrain by-product generation.
To further affirm the advantageous nature of our investigated electrolyte system, we
have conducted a series of tests to estimate the performance Zn//MnO: full cells under
higher load conditions of 2.1 mg cm™2. The long-term cycling stability at the higher
cathode load is investigated at a current density of 1 A g™! as exhibited in Figure S43,
Supporting Information. The cell with 50 Mal/BE still yields a reversible specific
capacity of 107.1 mAh g after 1000 cycles, corresponding to a retention of 63%



compared with the capacity decays rapidly and fails only 170 cycles for BE system. It
suggested that 50 Mal/BE can suppress the structure deterioration of MnO; cathode at
high-loading conditions.

In addition to a-MnO> cathode, ,@CF cathode is employed to match with Zn
anode, constructing full cells. As shown in Figure S44, Supporting Information, the
CV curves show that similar redox potentials in both electrolytes, and the reversibility
of the voltage of Zn//LL@CF cell in 50 Mal/BE is more stable. This result is further
demonstrated by the R, values acquired from the EIS curves of the Zn//L@CF full
cells. As presented in the Nyquist plots at the initial state (Figure 6k), the R. of
Zn//l2@CF cell with 50 Mal/BE is much lower than that of the BE and indicative of
nominal polarization and quick Zn?* transfer. When the current density is 2.5 A g,
the AZIB including 50 Mal/BE possesses a high discharge specific capacity of 91.0%
of the initial capacity, while the AZIB with BE only maintains 31.5% after 3500
cycles (Figure 6l). All the above results confirm the success of achieving highly
reversible zinc anodes by adopting 50 mM malate to customize the zinc/electrolyte
interface with a moderate degree of H.O-poor EDL, as well as achieve ordered Zn
(101) crystallographic orientation of AZIBs.

2.8. Hydrogel Electrolytes Evaluation
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Figure 7. (a) Optical photograph of the thickness measured with a micrometer of dried Gel/SA-
Mal. (b) Gel/SA-Mal molded in various patterns. (c¢) Digital images of Gel/SA-Mal under
different deformations of bending, twisting and interface adhesion between Gel/SA-Mal and Zn
substrates. (d) Tensile stress-strain profiles and (e) toughness comparison of Gel/SA and Gel/SA-
Mal. (f) CE of Zn//Cu cells in Gel/SA and Gel/SA-Mal at 0.5 mA ¢cm /0.5 mAh cm™2. Zn
plating/stripping profiles of Zn//Zn symmetric cells in Gel/SA and Gel/SA-Mal at respective
current density and capacity values of (g) 0.5 mA cm™? and 0.5 mAh cm™2, and (h) 1 mA cm™ and
1 mAh cm™. (i) Cycling performance of Zn//MnO full batteries in Gel/SA and Gel/SA-Mal at 0.5
A g7'. (j) Photograph of LED display powered by three charged Zn//MnO; cells in series.

Compared with liquid electrolyte, gel electrolytes possess higher ion conductivity
and safer performance towards AZIBs. In particular, gels with groups in the molecular
chain can significantly promote ion migration, resulting in higher ionic conductivity
and transference number. Besides, the gel polymer electrolyte has a low water content,

as well as cross-linked network structure, which limits the free diffusion of H,O



molecules, and in some cases can restrain dendrite growth and HER in the anode.[*]

Inspired by abovementioned results, we designed an innovative double-network
hydrogel electrolyte with a thickness of = 0.16 mm to deal with issues faced by zinc
anodes (Figure 7a), consisting of gelatin (Gel), sodium alginate (SA), malate and
ZnSO4 (denoted as Gel/SA-Mal). Mechanical performances are essential evaluation
criteria when employing quasi-solid-state electrolytes in energy storage systems,
which directly reflect the adaptability to external stress and deformations. According
to its unique chemical structures, the as-synthesized hybrid hydrogel electrolyte can
be designed into arbitrary shapes without any damage at various mechanical
manipulation under ambient temperature, including bending and twisting (Figures
7b,c). Moreover, the adhesive properties play a vital role for hydrogel-based
electronics to develop a strong interfacial connection between electrodes and
electrolytes. The experiment is conducted for such hydrogel on Zn substrate to
determine the strength in adhesion. As demonstrated in Figure 7c, Gel/SA-Mal
exhibits good adhesion to zinc sheet due to the coordination effect from —COOH and
—OH groups. In addition, tensile tests are employed to quantitatively study the
mechanical properties. After the addition of SA and malate, the tensile stress of
Gel/SA-Mal under 505% strain is 305.7 kPa (Figure 7d), whereas the corresponding
value of Gel/SA is merely 171.5 kPa under 170% strain. Accordingly, the toughness
of Gel/SA-Mal reaches 764.1 kJ m> (Figure 7¢), which is also markedly higher than
that of Gel/SA (239.4 kJ m™3). The substantial increment in the mechanical strength of
the Gel/SA-Mal hydrogel is primarily due to the improved inter-chain electrostatic
attraction and the reconstruction of hydrogen bond networks caused by -COOH and —
OH components, which has facilitated the advancement of hybrid polymer systems
for excellent strength and adaptability. Interestingly, as shown in Figure S45,
Supporting Information, the Gel/SA-Mal harvests a higher ionic conductivity of 37.3
mS cm™! calculated from the Nyquist plot compared to that of Gel/SA (24.4 mS cm™),
superior to the most of present research on gel electrolytes (Table S3, Supporting
Information).

To confirm the advantages of Gel/SA-Mal adaptability on zinc metal anode, it is



essential to evaluate the CE to measure the stable reversibility of Zn plating/stripping
in Zn//Cu asymmetric cells system. As depicted in Figure 7f, the asymmetrical cell
including Gel/SA-Mal can provide a CE of 99.5% after 1300 cycles at the current
density/areal capacity of 0.5 mA c¢cm™/0.5 mAh cm™. On the contrary, the cell
including Gel/SA can only run for less than 170 cycles before suddenly dropping to
less than 40% in a few cycles. Figure 7g exhibits that the voltage profiles at different
cycles for Gel/SA-Mal possesses lower voltage hysteresis than that for Gel/SA,
suggesting that a lower energy barrier for zinc nucleation/dissolution in the Gel/SA-
Mal system. Moreover, it has proven to harvest an elongated lifespan, operating for
1500 h at a current density of 0.5 mA cm™2 and 0.5 mAh cm2 capacity. Meanwhile,
the symmetric cell with Gel/SA presents obvious fluctuations in potential after
plating/stripping performance of = 200 h. Furthermore, the impressive durable
performance of Zn//Zn deposition/dissolution is acquired for Gel/SA-Mal under a
larger current density. At 1 mA cm with a limited capacity of 1 mAh cm™2 (Figure
7h), stripping/plating cycling performance in the Gel/SA-Mal system beyond 1200 h
is observed, while the poor cyclability of Zn//Zn symmetric cell with Gel/SA is
exhibited after merely 70 h. To investigate the practicality of the design of hydrogel
electrolyte, the Zn//MnO: battery is assembled using Gel/SA and Gel/SA-Mal.
Intriguingly, at 0.5 A g7!, the full cell with Gel/SA-Mal operates at extended calendar
life, and apparently establishes a significant stable performance of 400 cycles and
89.8% capacity retention (Figure 71). By comparison, the battery including Gel/SA
demonstrates unsatisfactory cycling performance, rapid loss for capacity, and failed
operation. As presented in Figure 7j, the red LED light can be lightened by the
Zn//MnQ; battery with Gel/SA-Mal system, indicating its successful practical
application. The superior cycling stability of the cells can be ascribed to the Gel/SA-
Mal with high ionic conductivity and mechanical features, which can ensure uniform
and stable Zn electrode/electrolyte interface, suppress Zn dendrite growth, and induce

dendrite-free zinc deposition.

3.Conclusion



In summary, this study comprehensively reveals that the significant improvements in
the performance of AZIBs facilitated by addition of malate into the ZnSOj4 electrolyte.
Our investigation has highlighted the key role played by the —-COOH and —OH
functional groups present in the molecular additives, explicating their profound
influence on adsorption mechanisms, electric double layer regulation, as well as
solvation structure of Zn?>*. Remarkably, functional groups such as -COOH and ~OH
harvest strong interactions with zinc metal surface, promoting preferential adsorption
and chelation with Zn?" ions. Also, the adsorbed malate boosts the exposure of
unconventional (101) crystal plane for dendrite-free zinc anodes. It is exciting that the
tactics enables the Zn//Zn symmetric cell to stably work for 6600 h at 5 mA cm2/1.25
mAh c¢cm™2. The cell with a DOD of 68.4% is achieved in 50 Mal/BE even under
demanding test conditions of 10 mA ¢cm2 and 20 mAh cm™2, corresponding to an
ultra-high cumulative capacity of 4.2 Ah cm™, way better than the state-of-art zinc
anodes. Additionally, the assembled Zn//MnO- full cell delivers improved cycling
performance of more than 1000 stable cycles with sluggish capacity loss rate of
0.027% per cycle. More intriguingly, the as-prepared Gel/SA-Mal system can
effectively facilitate stability in symmetric cells (1200 h at 1 mA cm™/1 mA e¢m™) and
boost the reversibility of Zn plating-stripping in Zn//Cu asymmetric cells system
(average CE of 99.5%). This work contributes to the advancement of emerging Zn
chemistries and hold promise for the development of more reliable solutions in energy

storage systems.
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