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ARTICLE INFO ABSTRACT
Keywords: Aqueous zinc ion batteries (AZIBs) have garnered significant attention in large-scale static energy
AZIBs storage battery systems due to their low cost, high safety and environmental friendliness. How-
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ever, it has some inherent problems during operation, such as the occurrence of side reactions
(hydrogen evolution reaction, HER) and anode corrosion, formation of by-products and growth of
metal dendrites. To analyze the mechanism of generation from aspect of the electrolyte solvation
structure and make cell efficiency further improvements based on it, so we use DFT calculations
to find the most stable solvation structure in AZIBs with ZnCl; as the electrolyte and analyze it.
We define the relative concentration C,, and calculate different groups metal cation cluster
structures such as [Zn(H0),]*", [ZnCl(H20),]", [ZnCly(H,0),] and [ZnCls(H,0),]” that exist at
different C,. We discuss the effect of different clusters formed due to the C, variations on the
battery performance in terms of three aspects: the structural conformation, the cluster charac-
teristics (including the hydrogen bonding network, bond lengths, bond angles, as well as the
electrostatic potential ESP) and the cluster performance (including the adsorption energy E,,
binding energy Ep, and desolvation energy Eges). The results shows that the electrolyte metal
cation Zn%" can be coordinated with up to six HoO molecules in first shell, and this metal cation
solvation structure contributes to the occurrence and formation of side reactions and by-products,
which reduces the battery efficiency. Increasing the electrolyte anion Cl~ concentration by
appropriately increasing the C, helps to desolvate the metal cation cluster structure, which greatly
improves the battery efficiency and suppresses the side reactions and by-products. Yet the
improvement effect was not obviously further improved by further increasing the Cl™
concentration.

1. Introduction

The trend in batteries is shifting that are more eco-friendly, secure, and sustainable, with an increasing variety of types and better
performance [1-7]. Xu [8] was the first to prepare an aqueous zinc ion battery (AZIBs) in 2014, using electrolyte of weakly acidic salt
ZnSO0y4. As a potential candidate for large-scale static energy storage, AZIBs possess several significant advantages: enhanced safety
which is eliminating of fire and explosion hazards, reduced cost due to abundant availability of zinc resources and enhanced efficiency
(theoretical capacity 820 mA h g~*, redox potential —0.76 V vs. SHE) [9-11]. However, despite the considerable assurance in terms of
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safety, AZIBs still face multifaceted challenges. During discharging process, Zn is stripped out and solvated to form a structure

[Zn(HZO)G]2+ making its volume larger, thereby unable to effectively enter to the cathode micropores. During the charging process, as
the metal cation clusters migrate towards the anode, the desolvation of Zn?" is accompanied by side reaction, the Hydrogen Evolution
Reaction (HER) and production of by-products. Simultaneously, spontaneous corrosive reactions at the anode generate Hy. Addi-
tionally, uneven anode surface is prone to "tip effect", leading to metal dendrite problems [12,13]. These challenges results in a
reduction in the amount of available zinc and seriously affect the efficiency of the batteries. It is imperative to conduct a compre-
hensive analysis of the solvation structure of electrolyte and effectively address these challenges from an electrolyte perspective.
Although the electrolyte does not actively participate in the electrochemical reaction and serves as a supporting component, it plays an
essential role within the battery system. The design of the electrolyte plays a pivotal role in ensuring the battery’s precise performance
at its designated specific capacity. The electrolyte components can regulate the solvation structure and Zn?* desolvation behavior, and
change the solvation structure of the electrolyte by adding additives or co-solvents, so as to improve the compatibility between the
electrolyte and the electrode and the battery performance and the battery efficiency [14,15].

It can be implemented through three mainstream improvement strategies. Firstly, to establish a eutectic system, Geng [16]
developed an innovative eutectic electrolyte comprising ethylene glycol (EG) and ZnCl; to enable dendrite-free and long-lasting AZIBs.
The second is to modify the distribution of hydrogen bonding networks. Previous studies have demonstrated that this can be achieved
by incorporating polar additive electrolytes such as N-methyl-2-pyrrolidone (NMP), Tetramethylurea (TMU), Polyaniline (PANI), 2, 2,
2-trifluoroethanol (TFE), and polyhydroxylated organic molecular trehalose [17-21] and modulating the coordination microenvi-
ronment using zinc phenolsulfonate and tetrabutylammonium 4-toluenesulfonate as a family of electrolytes [22]. Regulation of the
Zn?* solvation structure, promotion of planar zinc deposition, increase in overpotential for hydrolysis reactions, and enhancement of
corrosion resistance of zinc anodes in electrolyte also can be facilitated simultaneously. The third is other novel approaches such as
preparation of zinc salts, such as a unique zinc salt Zn(BBI), with an amphiphilic molecular structure and a safe and non-toxic salt, zinc
gluconate, sodium gluconate. These salts can carry out stable and efficient galvanizing/stripping electrochemical reaction and
effectively regulates solubility and interfacial conditions [23-25].

According the experiments conducted by Wang [26] demonstrated that ZnCl, outperformed the other common salts. In this paper,
computational experiments have illustrated that in AZIBs utilizing ZnCl; as the electrolyte, coordination occurs between solvent water
molecules and the electrolyte ZnCly, resulting in the formation of a distinct solvation structure which significantly impacts battery
performance. Upon the addition of a zinc chloride molecule to an aqueous solution, the metal cation Zn?* undergoes a solvation
phenomenon, wherein it forms bonds with HyO as ligands. The anionic ligand positions are occupied by water molecules and arranged
at the periphery, resulting in the formation of Zn?* solvation structures such as [ZnCly (H20), ). In this structure, Zn>" is coordinated
with six water molecules and undergoes chemical hydration to form [Zn(HzO)6]2+, which is first shell structure. That the chloride anion
plays a pivotal role in the desolvation process of hydrated zinc ion clusters within ZnCl; electrolyte is elaborated in Ref. [26]. Rele-
vantly, we conducted a comprehensive investigation into the diverse solvation structures present in varying concentrations within the
ZnCly electrolyte. In order to quantitatively characterize the change in electrolyte concentration during the process, we define the
relative concentration C, as described in Equation (1) of the Supporting Information (SI). By employing this formula, we performed
calculations to determine the relative concentrations of all clusters discussed in this article. Subsequently, a table presenting the
relative concentration values and a gradient curve illustrating the changes in relative concentration (Fig. S1) were generated. Based on
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Fig. 1. Left: Distinct solvation structures of ZnCl,; Right: Desolvation process of Cl~ coordination and desolvation energy (Eges)-
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the WIS formula [27] and the relative concentration gradient curves, the electrolyte concentration in this article is further subdivided,
we have categorized the relative concentration C; into four concentration intervals: L-SIW, H-SIW, L-WIS, H-WIS. Referred to as note 1
in the SI, a comprehensive breakdown can be found for further details.

The changes in electrolyte salt concentration were quantitatively characterized by varying the number of bivariate Cl™ ions (y) and
water molecules (n), thereby influencing the C,. In the clusters with different concentration ranges, with the C, increases, the coor-
dination number of water molecules to Zn>* decreases, allowing Cl~ to rebind with Zn?" and reducing the number of water molecules
driven by zinc ion clusters during their movement. Therefore, in AZIBs employing ZnCl; as the electrolyte, appropriately increasing the
electrolyte concentration and the number of chloride ions can significantly enhance battery efficiency and suppress side reactions and
by-product formation. However, computational experiments revealed that further elevating the concentration did not yield additional
improvements. The solvation structure of electrolyte cationic Zn?* as well as the desolvation process of Zn?* solvation structure
clusters through C, raising and Cl™ assisting, is schematically illustrated in Fig. 1.

2. Computational methods

The cluster structure search and global optimization in this study were initially conducted using a software based on the artificial
bee colony algorithm ABCluster [28,29], which has been demonstrated to be highly effective in exploring stable cluster structures in
previous article [30,31].

The local optimization and electronic property calculations were performed using the B3LYP [32] hybridization generalization in
the Gaussian 16 [33], based on the first principle of density functional theory (DFT). For structure optimization and vibrational
frequency calculations, the 6-31g(d) [34-39] basis set was employed. By eliminating imaginary frequencies, it is demonstrated that
our derived structure exhibits stability and reasonable efficiency. In the cluster performance part, we use the more accurate base group
6-311+g(d, p) in SMD implicit water solvent model, considering the influence of diffusion function and the overlapping effect of
anions, and introduce BSSE correction for calculation.

In this study, we employ the electrostatic potential (ESP) for cluster characterized analysis, which quantitatively describes the
charge distribution on the van der Waals surface of clusters. ESP proves effective in predicting and analyzing ion-binding sites and
thermodynamic properties. The defining equation of ESP can be found in SI Equation (2) [40-42]. Our analysis utilizes electrostatic
potential to investigate ion-binding site characteristics and elucidate the most stable structure as well as unique conformations within a
single cluster. Additionally, we examine changes in the overall ESP trend to explain variations in cluster families. The calculated
wavefunctions were utilized for the computation of ESP-related data through quantitative molecular surface analysis and electrostatic
potential evaluation algorithms using Multiwfn software. Meanwhile, the structural properties were analyzed employing the molecular
polarity index (MPI) function, as defined in SI Equation (3) [43-46]. Furthermore, VMD software [47] is employed to generate visual
representations of electrostatic potentials.

The Reaction process and calculation methodology for adsorption energy (E,), binding energy (Ep), and desolvation energy (Eges) of
all clusters in this study is presented in equations (4)-(7) as detailed in the SI.

3. Result and discussion

In this section, we will investigate the diverse cluster structures that may be formed in ZnCl, electrolytes at different concentrations
and analyze their structural conformation, characteristics, and performance. We will discuss the effect of different clusters formed due
to the C; variations on the battery performance in terms of three aspects: the structural conformation, the cluster characteristics
(including the hydrogen bonding network, bond lengths, and bond angles, as well as the electrostatic potential, ESP), and the cluster
performance (including the adsorption energy, E,, binding energy, Ej, and desolvation energy, Eges). Aim to meticulously comprehend
and analyze the cluster structural conformation at different ClI™ concentrations, employ the control variable method for analysis. We
define the general formula [ZnCl, (HzO)n}z'y to represent the electrolyte metal cation and/or anion hydration cluster. We employed a
single Zn?" and denoted y as the number of CI~ and n as the number of hydrations. These variables were grouped based on y (=0, 1, 2,
3) and further arranged in ascending order of n as presented in Table S1. To gain a comprehensive understanding and analysis of how
changes in relative concentration gradient impact both metal cation cluster solvation process and desolvation process, it is advisable to
holistically analyze them according to the size order of relative concentration gradient as demonstrated in Table S2.

3.1. Analysis of cluster structural conformation

Firstly, we consider the scenario where only Zn?" is introduced into the aqueous solution, y = 0. In the pure aqueous solution
system, the interaction force between water molecules is solely attributed to hydrogen bonding. Upon the introduction of Zn?* into the
system, its presence induces structural alterations. Specifically, it leads to a gradual reduction in strong hydrogen bonding within the
original aqueous system while promoting an increase in weak hydrogen bonding. Furthermore, as salt concentration rises, there is a
progressive disruption of the net-like structure formed by hydrogen bonds. Due to the unique properties of zinc ions, such as their small
ionic radius, multivalent (2-valent) charge, high electronegativity, and strong electric field, the original hydrogen-bonding structure of
pure aqueous solution is disrupted. Consequently, water molecules no longer predominantly form hydrogen bonds with each other but
instead preferentially bind with Zn*. As a result, the solution undergoes reconstitution, forming a solvated structural system wherein
the primary structure consisted of the first shell of Zn?". As the value of n increases from 1, Zn?* undergoes hydration with water
molecules and initiates the formation of its first solvated shell, denoted as [Zn(Hgo)n]2+. This structural arrangement arises due to the
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coordination between the one lone electrons pair provided by the O in each HoO molecule and the vacant orbitals of Znt, resulting in
chemical hydration and bond formation to establish primary water of hydration. The primary hydrated water is tightly bound to Zn*",
restricting their mobility and accompanying the ions. When n € [1,6], water molecules continue to bind to the Zn?*, and the number of
water molecules in the first shell reaches a plateau at n = 6. The hexa-ligand arrangement of water molecules around Zn?" forms an
octahedral structure, representing the predominant solvation conformation of Zn ions in AZIBs. With n > 6, the first shell remains
unchanged while the formation of the second shell initiates, accompanied by hydrogen bonding between molecules in the first and
second shell. The emergence of the second shell can be attributed to electrostatic interactions, specifically ion-dipole interactions, as
water molecules combine with Zn?*. Water molecules combined at the base of the first shell are called secondary water of hydration,
exhibits weak binding forces due to their considerable distance from the central ions and often remain immobile relative to the ions.
The hydrogen bonding network between water molecules gradually strengthens as the number of water molecules increases, resulting
in the presence of not only hydrogen bonding between first shell and second shell but also intermolecular hydrogen bonding within the
same layer, as shown in Table 1(a). It has been observed that the hydration number n in first shell of [Zn(H,0),]*" has been
demonstrated a maximum value of ny,x = 6 [48,49]. The H,0 molecule is known to possess two H atoms, capable of forming hydrogen
bonds with two water molecules, as well as two lone electron pairs on the O atoms, facilitating the formation of two hydrogen bonds
with other H atoms in H,0. Consequently, a single H,O molecule can engage in up to four hydrogen bonds. In the first shell, each of the
six O atoms contributes a lone electrons pair and combines with Zn?* empty orbitals through coordination bonding. As a result, each
water molecule can potentially form hydrogen bonds with up to three water molecules in the second shell. In essence, this implies that
the maximum number of water molecules within the second shell could reach 18.

Fory = 1, the water molecules exhibit a similar bonding pattern to that of [Zn(HzO)n]H. however, there is a significant disparity in
the bonding location. In contrast to the uniform octahedral bonding configuration observed in the first shell of [Zn(H,0),]**, the water
molecules in [ZnCl(H20),]" exhibit a convergent bonding position on the opposite side of Cl™. Fig. 2(a) reveals that a water molecule
exhibits a negative charge field surrounding the O and a positive charge field distributed around the H. Through electrostatic inter-
action, as depicted in Fig. 2(b), [ZnCl|" form ionic bonds between Cl~ and Zn?*. Subsequently, guided by the principles of charge
homogeneity repulsion and anisotropy attraction, Fig. 2(c) demonstrates that the bonding position of the water molecule with Zn?" is
predominantly located on the opposite side of C1~ in [ZnCl(H20)]*. The addition of CI~, when y = 1 and n = 4, a single H,0 does not
provide sufficient energy for altering the bonding positions of the other three H,O molecules, thereby it is arranged in the second shell
through hydrogen bonding formation instead of binding in first shell. Consequently, compared to [Zn(H;0),]*" , the time required for
hydrogen bonding formation in this cluster family is advanced, while reaching saturation in the first shell is delayed until n = 10, as
depicted in Table 1(b).

For y = 2, this cluster family is electrically neutral. The bonding positions of the ions exhibit both similarities and differences when

Table 1
Cluster structure of [Zn(H20),]*", [ZnCI(H20),]*, [ZnCly(H20),] and [ZnCls(H20),] .
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Fig. 2. Electrostatic potential diagram (a)H,0; (b) [ZnCl]*; (c) [ZnCI(H20)]*; Yellow ball: the point where the value of electrostatic potential is
maximum; Blue ball: the point where the value of electrostatic potential is minimum. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

compared to those aforementioned cluster families. Specifically, this family of cluster contains two C1~ which exhibit a slightly more
intricate structure formation and ionic bonding positions compared to the [ZnCl(H;0),]" and [Zn(H,0),]*" cluster families. When n =
1, the Cl~ ions are symmetrically distributed on both sides of Zn?*, while the O interact with Zn?* through coordination bonding. As
the n increases, the individual water molecules become hardly to disrupting the formed structure of the higher energy cluster.
Consequently, these water molecules align themselves to formed new cluster in hydrogen-bonded manner. Until n = 4, the energy
associated with hydrogen bonding network formed by water molecules manages to disrupt the formed cluster structure and coordi-
nation to form new Zn-O bond. This observation suggests again that an increase in y and elevated salt concentration leads to an earlier
formation time for hydrogen bonds and delays the saturation time required for reaching the first shell, as depicted in Table 1(c).
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For y = 3, the Cl™ concentration continues to increase, leading to clusters exhibit an overall negative charge. The structural
conformation of this cluster family exhibits significant disparities compared to aforementioned clusters, owing to the transition in
electrical properties from positive to negative. As the y increases further, it becomes increasingly challenging for water molecules to
bind to the cluster and they tend to align themselves in a hydrogen-bonding arrangement, impeding the attainment of a saturated state
by the first shell. When n = 1, the Zn?" is encapsulated by three Cl~ ions, forming a monolithic structure with a negative electric field.
Consequently, the water molecule is unable to approach the central Zn?* in this scenario, which can only align themselves with H
facing the Cl. Thus, under these conditions, the Zn?>", C1~, H,O molecules are arranged coplanarly. When n = 3, a network of hydrogen
bonds is established among the three water molecules, aligning them closely in a nearly coplanar arrangement that is almost
perpendicular to the plane occupied by the Cl-Zn. Similarly, this arrangement persists when n = 4. However, for n = 5, the energy of
hydrogen bonding network among water molecules can be enough to disrupt the formed cluster and coordination a Zn-O bond, as
depicted in Table 1(d).

3.2. Analysis of cluster characteristics

In this section, we will discuss the pertinent characteristics of cluster families [Zn(HQO)n]“, [ZnCl(H20),]", [ZnCl3(H20),] and
[ZnCl3(H20),]” in terms of their hydrogen bonding network, bond lengths and angles, as well as electrostatic potentials. The corre-
sponding common parameters for these cluster families are presented in Tables S3, S4, S5 and S6.

3.2.1. Hydrogen bonding network

Comparison of groups: The analysis reveals both similarities and differences in the hydrogen bonding networks among the four
cluster families. Similarly, as n increases, all four cluster families exhibit trend of increase in the number of hydrogen bonds between
first shell and second shell and other hydrogen bonds. When number of water molecule reaches a certain scale, the hydrogen bonds
between first shell and second shell essentially reach a state of saturation, while the number of other hydrogen bonds gradually
surpasses the number of hydrogen bonds between first shell and second shell. The difference lies in the fact that at y = 0, as the
hydration number of [Zn(H,0),]*" increases, particularly after reaching saturation in the first shell (n > 7), the solvation effect of Zn**
is enhanced. This results in an increase in hydrogen bonding, larger cluster volumes, and a decrease in movement rate, ultimately
leading to a reduction in battery coulomb efficiency. However, when y = 1, the energy of these newly added water molecules cannot
easily alter the structure of the formed clusters. Therefore, they tend to arrange and combine into new clusters through hydrogen
bonding, resulting in an acceleration of hydrogen bonding formation time for Zn?" solvation clusters and a delay in the saturation time
of the first shell, as shown in Fig. 3. The saturation of [Zn(H30) 6]2+ is achieved, whereas [Zn(H20)7]2+ gradually forms intermolecular
hydrogen bonding. When the first shell of [ZnCl(H,0),]" is not saturated, two hydrogen bonds has been formed, and the saturation
time of the first shell is delayed until [ZnCl(H,0),,]" reaches its saturation state. When y = 2, the hydrogen bonding of [ZnCl,(H,0),]
has been appeared, however, the saturation time of the first shell is further delayed, [ZnCl,(H20),,] remains unsaturated. Furthermore,
when y = 3, the water molecules can only tightly enclose the cluster making it challenging to arrange hydrogen bonds and even predict
the time required to reach first shell saturation. The saturation time of the hydrogen bond between first shell and second shell also
advances with increasing y. The number of other hydrogen bonds surpasses the number of hydrogen bonds between first shell and
second shell after n > 18 in [Zn(H20),]*", however it has been surpassed that n > 5 in [ZnCl3(H20),]". Simultaneously, the number of
hydrogen bonds between first shell and second shell that reach saturation decreases from more than 10 aty =1 to 3 at y = 3. The
solvation structure of Zn?>* gradually disintegrated as y increased. The coordination number of water molecules in the first shell

decreased progressively from highest 6 in [Zn(HZO)G]2+ to lowest 1 in the [ZnCl3(H20),,] ", indicating that the addition of Cl™ facili-
tated the desolvation process of Zn?*. Therefore, an increase in the concentration of C1~ accelerates the formation of cluster hydrogen
bonds and delays the saturation time of the first shell. Additionally, it advances the saturation time and reduces the amount of
hydrogen bonding between first shell and second shell, indicating that a certain quantity of chloride ions facilitates desolvation of
solvated metal cations.

Comparison of electrolyte relative concentration as a whole: Comparison of the C; of different cluster families upon reaching

saturation of first shell layer. C [y* 00" = = 0.60 at H-SIW, C )[/ancl (0] = = 0.56 at H-SIW, C,} <0.380 at L-SIW. It can

be observed that as the concentration of Cl™ y increases, the n of clusters required to reach the saturated state of the first shell also
increases and this is found that their C; is decreased gradually, indicating that a decrease in salt concentration makes it easier for
clusters to reach saturation in the first shell, the state of C; required to reach this state is between L-SIW and H-SIW. Conversely, an
increase in salt concentration makes this process more difficult, when the state of C; between L-WIS and H-WIS. Similarly, by
comparing the concentrations of different clusters during the initial formation of the hydrogen bond between first shell and second

shell, G % oo = 0.51at H-SIW; Gy - = 1.40 at L-WIS, Gt =379 at HWIS, G, % - = 4.78 at H-WIS. The

decrease in the requ1red n for cluster formation of the initial first shell and second shell hydrogen bond can be observed as y increases,
accompanied by a gradual increase in their Cr. This suggests that an increase in electrolyte salt concentration and it is between L-WIS
and H-WIS, facilitates the formation of the interhydrogen bond between first shell and second shell. Conversely, when in between the
L-SIW and the H-SIW cannot be formed. Consequently, the hydrogen bond between first shell and second shell clusters is formed
earlier and more easily as the amount of Cl™ increases, the easier it is to form between L-WIS and H-WIS. while it becomes increasingly
difficult to reach the saturation state of the first shell with higher electrolyte salt concentrations, it is easier to reach that state between
L-SIW and H-SIW.

r[chl2 H,0),],n>20

(H20),]
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3.2.2. Bond length and bond angle

Form the whole perspective, The Zn-O bond length rz,-o exhibits an increasing trend in [Zn(H,0),]*", [ZnCI(H;0),]" and
[ZnCly(H20),], decreasing in [ZnCl3(H20),]". The Zn-Cl bond length rz,¢; exhibits an increasing trend in clusters [ZnCl(H>0),]",
[ZnCl,(H20),] and [ZnCl3(H20),] . Due to the larger atomic radius of O compared to Cl, rzn-ci consistently surpasses rz,-o across all
clusters. The correlation between r7n-o and rz,-¢ exhibited a positive trend in clusters [Zn(H,0),]*", [ZnCl(H20),]" and [ZnCl,(H20),],
while it displayed a negative trend in cluster [ZnCls(H20),|, as depicted in Fig. 4. The greater the bond length, the lower the bond
energy., indicating a reduction in interatomic interaction forces. Specially, the formation of the first shell in [Zn(HZO)“]2+ with hy-
dration number n < 6 is accompanied by a gradual increase in rz,-o, indicating a progressive weakening of the Zn and O interaction
force with increasing hydration number n. For n > 6, rz;-o fluctuate within the range of 2.09-2.14 A, with an average convergence at
2.1 A. These calculations are consistent with published article [26]. It means that the insignificance of the second shell on Zn-O
bonding in the first shell is indicated, thereby confirming that the hydrogen bonding force between water molecules is smaller than the
bonding force between Zn-0. Similarly, [ZnCl(H20),]" and [ZnCl,(H,0),] exhibit a continuous growth trend of rz,-0 and rz,-c with
weakened interatomic interactions prior to reaching saturation in the first shell. However, once the first shell is saturated, both rz;-o
and rz,-c) remain essentially unchanged. For instance, stabilization of bond lengths after [ZnCl(H20),,]*. [ZnClz(H20),,] has not yet
been saturated, thus the rzy-o and rz,-¢) continue to growth. In contrast to the other three cluster families, it is increasing difficultly for
water molecules to establish bonds in [ZnCl3(H20),]” due to the maximum concentration of Cl ™. Consequently, the chloride ions create
a competitive relationship with the oxygen atoms, forming ligand-competitive interactions. When n > 5, the energy of the hydrogen
bond network of H,O cluster counteracts the [ZnCls]", leading to the formation of a Zn-O bond with a decreasing rzy-o, indicating an
enhanced interaction force between Zn?* and O. Conversely, rz,- continues to increase, suggesting a weakening of the interaction
force between Zn?" and Cl~. As the hydrogen bonding network reaches a certain scale, such as when n is greater than or equal to 10, an
equilibrium state is achieved between rz,-o and rz,-c;, which remains essentially unchanged.

With the gradual increase of n, the average bond angle 0)5,., of water molecules in the first shell of the four cluster families
exhibits minor fluctuations within a narrow range between 100° and 110°, as depicted in Fig. 5. This phenomenon can be attributed to
the binding arrangement of water molecules with zinc ions exhibits an increasingly homogeneous and symmetrical distribution as n
increases, resulting in minimal mutual influence among water molecules and consequently larger bond angles «O-H-O. As the n
continues to increase, the spacing between water molecules decreases, leading to a gradual increase in their mutual influence and
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strengthening of interaction. Simultaneously, the repulsive force also intensifies due to the strengthening hydrogen bonding network,
resulting in more closely arranged of water molecules and a slight fluctuation trend observed in ©%', .

The average bond angle ©%%, _, of 2Cl-Zn-O in the first shell exhibits a sharp decrease followed by stabilization in [ZnCl(H;0),]".,
while it demonstrates slight fluctuations within the range of 100°-~110° in [ZnCl,(H20),] and [ZnCl3(H20),] . The «Cl-Zn-O in Fig. 5
(b) exhibits a decreasing trend with an increasing of n. When n < 10, the first shell structure is being formed, and at this stage, water
molecules tend to be predominantly distributed on the opposite side of Cl™. This is particularly evident with the addition of the first
water molecule, resulting in a larger angle for the ~Cl-Zn-O, approaching 180°. As more water molecules are added, this angle
gradually decreases due to an increasing number of Zn-O bonds. Once saturation is reached in the first shell, however, the angle of the
£Cl-Zn-0 remains relatively unchanged.

The average bond angles ©%%, _, of 2Cl-Zn—Cl in the first shell exhibit a decreasing trend, all of which are larger than 0§%,, _, and
080 as depicted in Fig. 5. The «Cl-Zn-Cl bond angles demonstrate an overall declining trend due to the increasing number of water
molecules, resulting in a gradual increasing number of Zn-O bonds and reaching the status of saturation within the first shell.
Consequently, this leads to a more compact arrangement of atoms and reduced atomic spacing within the first shell. Additionally, the
strengthening energy of the hydrogen bond network contributes to decrease in «Cl-Zn—Cl bond angle. The charge distribution trend of
[ZnCl;(H20),] (n =0, 1, 2, 3, 6, 20) is illustrated in Fig. S6. The original ~Cl-Zn-Cl bond angle in the zinc chloride molecule is 180°.
Upon examining Fig. 1(a)-a negative electric field can be observed around the O in water molecule while a positive electric field
surrounds H. According to Fig. S4, the electrostatic potential around Zn?*, the central atom of the zinc chloride molecule, exhibits a
positive electric field and remains neutral between C1~ and Zn?*, whereas a negative electric field is present around Cl~. Consequently,
when zinc chloride molecules aggregate with water molecules, ligand bonding occurs between O and Zn?". Due to oxygen’s higher
electronegativity compared to chlorine and its stronger electron-attracting ability, this results in a decrease of the ~Cl-Zn-Cl bond
angle from 180° to 152.42° as depicted in Fig. 5(c). This also elucidates the phenomenon of distinct molecular clusters adopting diverse
arrangements, wherein water molecules and two chloride ions are positioned on either side of the zinc ions. From the perspective of
charge transfer, the charge distribution of the clusters exhibited uniform variation. With each addition of water molecules, there was
an observed increase in positive charges for cations within the clusters, such as Zn?" and H'. Specifically, the charge on Zn?" increased
from 0.62C (n = 1) to 0.71C (n = 20). Conversely, anions like 0>~ and Cl~ displayed a tendency towards decreasing negative charges,
such as the left CI™ charge decreasing from —0.31C (n = 1) to —0.59C (n = 20). This accounts for the increasing strength of the positive
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electric field surrounding the water molecules located on the side of the Zn?", as well as the intensifying negative electric field around
the C1™ on the opposite side, and the charge disparity between the two poles is progressively amplifying. However, this counterpart
relationship, strong and weak, contrast is evidently unbalanced. As n continues to increase, leading to a strengthening hydrogen
bonding network among them, the transfer of charge in chloride ions is limited. Consequently, when clusters reach a certain number of
hydrations, their hydrogen bonding network energy surpasses that energy of chloride ions. The network of water molecules will
gradually surround the entire Zn—Cl cluster.

3.2.3. Electrostatic potential

The electrostatic potential (ESP) is responsive to the imbalanced distribution of charge, while polarity similarly characterizes the
non-uniformity of the charge distribution. The more uneven the charge distribution, the greater the absolute value of the maximum
and/or minimum electrostatic potential values, thereby enhancing polarity strength. The MPI function provides a quantitative
description of cluster polarity, whereby larger MPI values indicate a stronger polarity and conversely smaller values suggest weaker
polarity. Form the whole perspective, the values of the |ESPyax| for the four cluster families exhibit a decreasing trend and eventually
stabilize. Similarly, the values of the |ESPp,,| also demonstrate a gradual decrease and stabilization. The MPI values also shows the
same trend as shown in Fig. 6. The gradual from decrease to stabilization of |ESPmax| and |ESPp;,| indicate that the cluster charge
distribution undergoes a developmental process from an initial imbalance to gradually achieving balance, ultimately reaching sta-
bilization as the hydration number n increases. Additionally, the polarity gradually diminishes from stronger to weaker due to the
enhanced contribution of lone-pair electrons provided by oxygen atoms in water molecules and the occurrence of nucleophilic re-
actions, resulting in a more uniform charge distribution on the surface of clusters. By dividing each cluster into 20 equal intervals based
on the electrostatic potential values ranging from minimum to maximum, we calculated the surface area sum of each interval, as shown
in Figs. S2-S5. Our results indicate that as the hydration number n increases, the charge distribution gradually becomes balanced from
initial imbalance and the surface area in the averaged state also increases. The trend of surface area change confirms a development of
cluster charge distribution from unbalanced to gradually balanced and finally to stabilization with increasing hydration number n,
while polarity decreases.

By comparing the changes of ESP before and after water addition, it was observed that the influence of water on the ESP of its
molecules gradually diminished with increasing y. This implies that as the concentration of chloride ions increased, their effect on the
ESP of clusters became increasingly dominant. With an increasing Cl~ concentration, there was a consistent decrease in ESPp,y,
ESPp,in, and MPI values of the clusters, accompanied by a shift from +2 valence to —1 valence charge distribution. As y increased from
0 to 2, there was a general reduction in MPI value indicating a gradual decrease in cluster polarity and more uniform charge distri-
bution. However, when the value of y reached 3, there was an unexpected increase in MPI due to a transition from neutral to negatively
charged clusters and non-uniform charge distribution leading to an increment in polarity.

3.3. Analysis of cluster performance

In this section, we have computed the adsorption energy E,, binding energy Ey;, and successive desolvation energy Eqes of the
clusters to gain a more comprehensive understanding of the properties of the solvated Zn?* clusters and Cl~ ligand at varying elec-
trolyte concentrations C;. The outcomes of these calculations are illustrated in Fig. 7.

The fact can be ascertained that the E, of the clusters exhibits a more negative trend and decreases linearly with an increase in
hydration number n, indicating that the energy released from the clusters gradually increases as the CI~ number y increases, AE, =

2-y 1-y
BZnCL (20 _ p[2nClya (H20)] (kcal -102 /mol), AE41 (0.87,y = 0) > AEa5 (0.76, y = 2) > AE,3(0.75, y = 1). Consequently, an increase

in C1~ concentration leads to a decrease in the cluster adsorption energy, enhancing its stability, however, it simultaneously reduces
the charge of the cluster. As n increases, there is an orderly rise in the energy of clusters depicted in Fig. 7(a), indicating their increasing
stability.

Similarly, Ey, of the clusters decreases with increasing Cl~ concentration, and the rate at which Ej, becomes smaller slows down as n
increases. This observation indicates that an increase in the number of Cl™ ions leads to more negative for E;, and greater energy
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release. Moreover, higher concentrations of Cl~ facilitate easier stabilization of the clusters, AE, = ELZ"CI’(HZOMF -

B MO0 (keal :102 /mol), AEy; (3.61, y = 3) > AEpy (3.22,y = 2) > AEys (2.85, y = 1) > AEp4 (2.36, y = 0). The higher con-
centration of Cl™ facilitates the stabilization of clusters, as n increases, the clusters gradually stabilize and approach a saturation state,
with diminishing differences in E;, of two adjacent clusters between four clusters approaching zero, as depicted in Fig. 7(b).

Next, we will discuss the successive desolvation energy Eqes, of the cluster. To exclude the effects of hydrogen bond and account for
the fact that the first shell, which experiences only chemical hydration, moves with the metal cations during cell operation, we will
focus solely on considering dehydration of this first shell. The conclusion can be drawn that the Eg4es increase in a sequential manner

2 +
‘[ize‘;(Hzo)"] " —14.48 kcal/mol to E([izer;(ﬂzo)]z = 24.88 kcal/mol in the presence of only [Zn(H,0),]*" prior to the addition of Cl~.
This result implies a gradual elevation in the Eqes with each water molecule removed, which poses a detrimental impact on cell ef-
(ZnCl(H20),]" _
‘des -

from E

ficiency. After the addition of a single Cl7, it is evident that the Eq4es experiences a substantial decrease from E

13.38 kcal/mol to Egze:Cl(Hzo)]‘ = 23.82 kcal/mol consecutively. Furthermore, there is 4.2 %, 1.05 kcal/mol reduction in the Eqes for
removing the final water molecule. This result elucidates the observation that an increase in electrolyte salt concentration leads to the
coordination of CI~ with Zn* to form the first shell, thereby reducing the energy for cluster desolvation and enhancing cell efficiency.
This phenomenon is indicated that electrolyte concentration effectively facilitates desolvation of solventized metal ion clusters up
when it is increasing to a certain concentration.

4. Conduction

The root causes of inherent side reactions and by-products occurrence were analyzed from the perspective of electrolyte solvation
structure in aqueous zinc ion batteries to investigate the underlying causes, wherein solvated zinc ion clusters undergo side reactions
and by-product as they migrate towards the electrodes during operation, thereby diminishing the efficiency of the cell. With the
gradual addition of Cl~, the coordination reaction between Cl™ and clusters occurs, displacing the original water molecules, indicating
a gradual reduction in polarity and the energy of the clusters increases in a systematic manner, while the desolvation energy expe-
riences a significant reduction and the stability of the clusters progressively enhances. However, as the concentration of Cl™ increases,
its impact gradually diminishes and eventually becomes negligible. The overall observation reveals that an increase in electrolyte salt
concentration facilitates the formation of hydrogen bonds within clusters, while simultaneously hindering their attainment of a
saturated state in the first shell. Therefore, in aqueous zinc ion batteries employing ZnCl, as the electrolyte, appropriately increasing
the concentration of Cl™ in the electrode solution will significantly enhance battery efficiency by suppressing side reactions and
minimizing by-product formation. However, further increments in its concentration do not yield any substantial additional
improvement. In summary, the work presented in this article offers some theoretical underpinnings for comprehending both the
electrolyte and the interaction mechanism between the electrolyte and electrode materials. The findings of this study would hold
implications for guiding further enhancements in aqueous zinc-ion battery performance.
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