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Abstract

The growth of zinc dendrites limits the practical application of zinc ion batteries, which can be effectively
suppressed by surface doping. Herein, the density functional theory combined with symbolic regression algorithm
had been used to study the growth of zinc nuclei on 22 single atom-doped surfaces. The results indicate that the
doping surfaces with convex structure can suppress the zinc dendrite growth because of the weak adsorption
energy and low diffusion activation energy of zinc atoms. Moreover, the diffusion activation energy and the
orientation of zinc nucleation depend on the adsorption energy of the first zinc atom. The larger the adsorption
energy, the greater the diffusion barrier of zinc atoms and the greater the tendency for vertical growth of zinc
nuclei. Therefore, the symbolic regression algorithm was utilized to identify the relationship between the
adsorption energy of the first zinc atom and the properties of the doped atom. It was found that the radius and
d-band center of doped atoms are key factors affecting the adsorption energy of the first zinc atom, and the doped
atom with large atom radius and low d-band center can inhibit the zinc dendrite growth. Finally, the Al, Ag, Cd, In,
Sn, Au, Hg, Tl, and Bi atoms are screened out to be the promising doping single atoms that can suppress the zinc
dendrite growth.
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INTRODUCTION

The mass consumption of fossil fuels has caused a rapid increase in demand for high-performance energy
storage devices"”. Electrochemical energy storage devices, such as lithium (LIBs) and zinc ion batteries
(ZIBs), have received significant attention in the field of energy storage™. Although LIBs have been widely
used in various portable electronic devices and electric vehicles, they still cannot satisfy the demand for
high-energy consumption due to the low theoretical capacity of graphite anodes (372 mAh-g")"°.
Compared to them, ZIBs have many advantages such as low cost, high compatibility, environment
friendliness, and high theoretical capacity (820 mAh-g")**, considered as a promising alternative to LIBs'".
However, they also face issues with dendrite growth, which decreases battery efficiency and capacity'***.
The Young’s modulus (Y) of zinc is much higher than other alkali metals (Y, = 108 GPa; Y}, = 5 GPa; Yy, =
10 GPa)™, which means that zinc dendrites grow more easily than lithium or sodium dendrites.
Uncontrollable zinc dendritic growth ultimately leads to the direct contact between the anode and cathode,

14]

causing a short circuit in ZIBs!

Two effective methods can inhibit the zinc dendrite growth based on the previous studies: (a) adding
electrolyte additives"**¥ and (b) modifying the electrode surface™™ . For the former, Polyethylene
glycol”” in organic additives and inorganic salts (Bi**” and Pd*™™) in polar additives have been used to
regulate the surface current distribution of electrodes, achieving the goal of inhibiting the zinc dendrite
growth. Another method is modifying the anode electrode surface by doped heteroatom', including
Al Skl Agl”l Hol) and In™), which can provide a large number of nucleation sites to induce uniform
deposition™" or reduce the energy consumption of ion desolvation and the energy barrier for zinc
nucleus”™>*!, Especially on the In-doped surface, zinc atoms tend to deposit around the In area, which
inhibits zinc deposition, and may even form porous structures, increasing the tolerance of zinc dendrites.
More importantly, doping aims to increase the number of Zn ions on the electrode surface, generating more
effective nucleus sites”. Surface doping can promote the uniform distribution of interface ions and electric
fields and inhibit the growth of zinc dendrites™.

The encouraging results in the experiment require an explanation of the mechanism. The adsorption and
diffusion behavior of zinc atoms on the electrode surface plays a crucial role in the zinc dendrite growth of
ZIBs™!. At present, theoretical research in the zinc dendrite growth on doping surfaces only focuses on the

28,36,37

adsorption of one zinc atom on a specific doping surface”*”. However, the potential mechanism of
inhibiting zinc dendrite growth on the zinc doping surface has not been systematically studied. At present,
machine learning (ML) is widely used in chemistry because of its learning ability, and it is necessary to use it

to summarize and predict battery performance*.

This work used the density functional theory (DFT) calculations to study the doping surface formation (22
types of doped heteroatoms) and the adsorption and diffusion of zinc atoms on these doping surfaces. The
formation energy was used to evaluate the difficulty of forming a doping surface. The adsorption energy,
interaction energy, and diffusion activation energy (E,) of zinc atoms on the doping surface were calculated
to assess their nucleation capability. Finally, doping atoms that can effectively inhibit the growth of zinc
dendrites were screened out. In order to predict adsorption energy, the symbolic regression (SR)
method*! studied the mathematical relationship between various influencing factors and adsorption
energy, promoting the rapid screening of doping atoms to inhibit zinc dendrite growth. We hope our results
can provide valuable insights for designing the dendrite-free anode materials of ZIBs.
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MATERIALS AND METHODS

All DFT calculations were conducted using the plane-wave-based Vienna Ab initio Simulation Package
(VASP)"*. The projector augmented wave (PAW) pseudopotential described the ionic cores”*. The
Perdew-Burke-Ernzerhof (PBE) functional constructed the exchange and correlation energy”. The kinetic
cutoff energy was set to 500 eV. For the calculations of geometry optimization and charge property, a
4 x 4 x 1 k-point mesh based on the Monkhorst-Pack scheme®’ was used with a 500 eV cutoff energy. For
the d-band center calculations and all the adsorption energy computations, a 5 x 5 x 1 Monkhorst-Pack
k-point grid was employed. The convergence condition of geometry optimization was set to 10° eV and
0.01 eV/A.

Existing experiments have proven that zinc ions exhibit a strong trend of sheet-like deposition during
electrodeposition. This means that the deposition of zinc is related to the densest packing plane (002)
exposed by the hexagonal close packed structure with low thermodynamic free energy”™'. Therefore, the
Zn(002) face was cleaved and doped heteroatom as the substrate to simulate the adsorption and diffusion of
zinc atoms on these surfaces. A 4 x 4 supercell of the Zn(002) face, measuring 10.7 A x 10.7 A and
containing three layers of 48 zinc atoms, was constructed. To avoid the influence of periodic structural
interactions, a 20 A vacuum layer was constructed in the z-direction. The doping surfaces were constructed
by replacing one zinc atom on the Zn(002) face with a heteroatom. All the standard crystal structures and
properties of elements were adopted from the Material Project’™”.

To ensure the conductivity of the doping surfaces, the metal elements were selected as dopant atoms. Then,
the elements (A1*, Ag””, In®, Sn®*, Au™, Hg"", and Bi"*”), which are reported in the existing literature to
inhibit the zinc dendrite growth, were chosen. Moreover, those near these reported elements were also
considered. These adjacent elements are from the same group or period as the reported elements, including
Al in the third period; Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ga, and Ge in the fourth period; Pd, Ag, Cd, In, and
Sn in the fifth period; and Pt, Au, Hg, TI, Pb, and Bi in the sixth period.

The formation energy of doping surfaces (E,) was calculated by
Ef . Edoped - Epristine + Uzn — By (€)]

where E,,,,, is the total energy of the system when the zinc atom was replaced by a heteroatom, and E,,, is
the energy of the original Zn(002) face. u,, and p, are the chemical potential of the zinc and doping atoms,
respectively. All the u, were calculated based on the naturally occurring bulk and the lowest energy crystal
structure can be obtained in the Materials Project material library. The chemical potential of a single atom is

calculated by
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where u.,, is the total chemical potential of the most stable crystal structure, and # is the number of doping
atoms in the crystal structures.

The adsorption energies (E,,,) of one zinc atom on the Zn(002) face and doped-Zn(002) face were calculated

by:
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Eopr = Edoped+Zn - Edoped — HUn ©))

where E,,,.., represents the energy of the first single zinc atom adsorbed on the doping surfaces.

Similarly, the adsorption energy of the second zinc atom is given by:

EabZ = Edoped+ZZn - Edoped+Zn — Uzn (C))

where E,,,.1..7, is the total energy of the structure after absorbing two zinc atoms.

The surface energy profiles [E/(x, y)] were calculated to describe the diffusion of zinc atoms on the Zn(002)
face and the doped-Zn(002) face. The x, y, and z are the coordinates of the adsorbed zinc atom. The E(x, y)
is defined by the maximum adsorption energy when the x and y coordinates are fixed, which is given by:

Ei(x,y) =max{Ey = (x = x0,¥ = Y0, 2)} 5)

The E, is the difference between the minimum E(x, y) and adsorption energy of one zinc atom (E,,,),
calculated by"':

Ep = min{Es(x,y)} — Eqp1 6)

To measure the impact of various parameters on the adsorption of one zinc atom, ML evaluates the
importance of factors. SR is an interpretable ML model and can express the trained ML model in
mathematical expressions”. Therefore, it can be used in materials science to search for characteristic
descriptors of a certain material property. This paper used this method to construct a new descriptor to
predict the first zinc atom adsorption energy on different doping surfaces by HeuristicLab"”..

RESULTS AND DISCUSSION

The formation of doping surface

The formation energy of 22 types doping surfaces and relationship between the formation energy of atom-
doped surfaces and the chemical potential of doped elements are shown in Figure 1A. It is found that as the
atomic chemical potential increases, the formation energy grows. The reason is that a simple substance
composed of elements with large chemical potential is stable, and it is difficult to form a doped surface.
However, the formation energies of surfaces doped with Pt, Au, and Pd are contrary to the relationship. To
analyze the cause of the anomaly, the Bader charge was calculated. And these atoms get large charge
(> 0.5 |e]) because of large electronegativity of Pt(yy, = 2.2), Au(y,, = 2.4), and Pd (xp, = 2.2), causing strong
interaction between the surface and doping atom and formation energy decrease. The Al (-0.176 €V)", Hg
(-0.348 eV)" and Ag (-0.396 eV)” doping surfaces exhibit the negative formation energies and are
thermodynamically easy to form, which has already been proven in experimental studies. It can be clearly
seen that the transition elements in the third period (Ti, V, Cr, Mn, Fe, and Co) exhibit positive formation
energy because of their higher atomic chemical potential than that of other elements. Therefore, these
elements with positive formation energy will not be considered in the following research.

Different doping surfaces show varying geometric structures, which are related to the radius of doped
elements. According to geometric structure, these structures can be divided into three categories
[Figure 1B]: flat, concave, and convex surfaces. The structure and charge distribution of flat doping surface
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Figure 1. The formation of doping surface: (A) the formation energy of doping surfaces and the atomic chemical potential of doping
elements; (B) the geometric structure of doping surfaces; (C) the charge density differences and Bader charge of doping surface. The
green and yellow regions represent the electron accumulation and depletion, respectively, and the isosurface value is +0.001 e/bohr’.

(Mn, V, Pt, and Pd) are similar to the Zn(002) face, owing to the similarity in radii between the doped
atoms and zinc atom (d,, = 1.37 A). When the radius of the doped atoms (d,,) is smaller than that of the zinc
atoms, such as Ni (dy; = 1.25 A), Cu (d., = 1.28 A), and Ga (dg, = 1.22 A), the doped atoms will be trapped
within the surface and form a concave surface. It may cause a strong deposition trend of zinc atoms on the
doping surfaces. On the contrary, if the radius of doped atoms is larger than that of the zinc atom, the
doping site will form a convex surface structure, potentially weakening the interaction between the zinc
atoms and the surface and promoting uniform Zn deposition.

The charge density differences and Bader charge analysis of the doping surface Zn(002) face were calculated
[Figure 1C]. An electron-rich region forms around the doped atom due to charge transfer to the adjacent
zinc atoms. The regions affected by doping atoms are relatively small (Mn: 3.75 A, and TI: 4.54 A). The
Bader charge analysis shows that the direction of charge transfer depends on the electronegativity of the
doped atom. The doped atom with high electronegativity will gain negative charge from the zinc atom. For
example, compared to the zinc atom (y,, = 1.65), the Au atom (y,, = 2.4) can obtain electrons of 0.749 |e],
while the Sc atom (x5 = 1.36) loses electrons of 1.35 |e|. Conversely, the electrons will transfer from doped
atoms with low electronegativity to contiguous zinc atoms [Supplementary Figure 1]. The difference in
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surface charge will change surface energy. After doping heteroatom, the surface energy of the doping
surface is reduced, which may cause the adsorption and aggregation of zinc atoms at the doping site!*".

The adsorption and diffusion of single zinc atom

The adsorption of zinc atoms on the surface is one of the key factors for zinc nuclei. The higher the
adsorption energy, the easier the zinc nucleus growth”. For the doping surface, four different adsorption
sites of zinc atoms on the doping surface were considered, as presented in Figure 2A: (1) top site of doped
atoms (TD); (2) top site of zinc atoms near the doped atom (TZ); (3) bridge site between doped and zinc
atoms (B); (4) vacancies formed between doped and zinc atoms (V). The adsorption energy is listed in
Supplementary Tables 1-3. It is shown that zinc atoms tend to adsorb at the V site on the Zn(002) face due
to the hexagonal close-packed structure of zinc. On most single atom doping surfaces (except for Ga, Sn),
they generally adsorb at the TD site [Supplementary Figure 2], which owns the maximum change in the
surface energy, meaning that the TD site is the minimum value of the potential energy surface
[Figure 2A]"". However, on the surfaces doped with Ga and Sn, they adsorb at the TZ site, suggesting that
these doped atoms may prevent their adsorption. When the Ga (or Sn) atoms are uniformly distributed on
the Zn(002) face, the uniform adsorption of zinc atoms may prevent aggregation and the formation of zinc
dendrites. The surface doping with Sn atoms has been experimentally proven to inhibit dendritic growth,
indicating that this repulsive effect may inhibit the zinc nuclei growth®!. Meanwhile, for surfaces doped
with large-radius atoms, the optimal adsorption site is the B site. This may be due to doping atoms with a
large radius significantly weakening the interaction between adsorbed zinc atoms and the surface, resulting
in a greater decrease in the adsorption energy at the TD site. The zinc atoms adsorbed at the V site are in
direct contact with the surface and the doping atoms, increasing the adsorption energy at this site.
Additionally, the calculation of the diffusion barrier later proved the formation of a potential energy well at
the V site. Obviously, the zinc atom on most doping surfaces has a smaller adsorption energy than that on
the Zn(002) face (E,,;, = -0.34 eV) due to decreased surface energy caused by doping [Figure 2B]. For Sc, Ni
and Pt-doped surfaces, the adsorption energy of zinc atoms (E,,, g = -0.416 eV, E_,, ; = -0.525 eV, E_;, p, =
-0.470 eV) is stronger than that on Zn(002) face, which may be detrimental to their desorption and zinc
dendrites formation. A strong adsorption energy will hinder the inhibition of zinc nuclei growth. The
surfaces doped with Sc, Ni, and Pt have a larger adsorption energy for zinc atoms than the Zn(002) face,
indicating that these three types of doping surfaces are unsuitable for the anode materials of ZIBs. The
doped atoms will suppress the adsorption of zinc at the doped site. When a small number of doping sites are
uniformly distributed, zinc atoms adsorbed away from the doped site, causing the uniform deposition.
Additionally, a small amount of surface doping will not compromise the overall performance of the battery.
On the contrary, it may even improve the cycle life!**”).

Another key factor for zinc nuclei is the diffusion of zinc atoms on the surface. The two-dimensional and
three-dimensional surface energy profiles of zinc atom diffusion are shown in Figure 2C. The results show
that the surface energy variation of zinc atom diffusion is related to the surface structure. Thus, three
doping surfaces were shown in Figure 2D, each not only satisfying the low adsorption energy of zinc atoms
but also possessing different geometric structures. On the surface doped with Co, Mn and TI, representing
the three geometric structures, the Bader charge transfer of the adsorbed zinc atoms decreases with the
shortening of the distance between the zinc and the surface, reflecting the influence of the surface binding
structure on the adsorption of zinc atoms. These findings demonstrate a correlation between the variation
of surface energy of zinc atom diffusion and the surface structure. For the Zn(002) face, the maximum
adsorption energy occurs at V sites on the surface. Meanwhile, the adsorption energy of the TZ site is the
smallest, which is consistent with the results of optimizing the adsorption structure. The adsorption energy
of zinc atoms at the B site exhibits a saddle point in surface energy profiles, indicating the optimal diffusion
path for zinc atoms on the Zn(002) face: V-B-V site. The E, of zinc atoms along this path is 0.005 eV, which
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Figure 2. The adsorption and diffusion of one zinc atom on doping surface: (A) four adsorption sites of zinc atom; (B) the maximum
adsorption energy of Zn atom; (C) the surface energy profiles of Zn self-diffusion on Zn, Cu, Ag and In-doped surfaces; (D) the charge
density differences, Bader charge and adsorption distance of zinc atom on the Co, Mn, Zn, and Tl-doped surfaces. The green and red
regions represent the electron accumulation and depletion, respectively, and the isosurface value is +0.0001 e/bohr’.

is similar to the results in the literature”™, indicating the small diffusion resistance of zinc atoms on the

7Zn(002) face.

For concave and flat doping surfaces, the maximum adsorption energy occurs at TD sites. Due to the
influence of the doped atoms, a triangular potential well is formed on the surface. Similar to the Zn(002)
face, saddle points appear at the B sites between doped and zinc atoms. The E, of zinc atoms is positively
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correlated with their maximum adsorption energy. The diffusion activation energies of Cu- (E,; ¢, =
-0.323 eV) and Ag-doped surfaces (E,;, ,, = -0.135 eV) are 0.101 and 0.034 eV, respectively. The surface
energy profiles show that the diffusion of zinc atoms leaving the potential well requires higher energy than
that of zinc atoms on the Zn(002) face. Therefore, for the concave and flat doping surfaces, zinc atoms are
attracted into the potential well by doped atoms, forming a stable zinc nucleus. For convex doping surfaces,
the V sites show the strongest adsorption energy, and three optimal adsorption sites are formed around the
doped atoms. For the E, of zinc atoms leaving the potential well, the E, of convex doping surfaces is lower
than that of concave and flat doping surfaces. The E, far away from doping sites is close to that on the
Zn(002) face. The reason is that the large radius of doped atoms weakens the interaction between the
adsorbed zinc atom at the TD site on the doping surface. It means that doped atoms with a large radius will
not affect the diffusion of zinc atoms. For example, the E, of zinc atoms on the In-doped surface is 0.009 eV,
similar to the E, on the Zn(002) face.

In conclusion, the strong adsorption energy of zinc atoms on Sc, Ni and Pt-doped surfaces may lead to the
growth of zinc dendrites. Additionally, the concave and flat doping surface will attract zinc atoms into the
potential well and form stable zinc nuclei, causing the dendrite growth. The convex doping surface may
effectively inhibit this growth.

The adsorption of multiple zinc atoms

Zinc nucleation results from the aggregation of multiple zinc atoms on the surface. Therefore, the
adsorption of these atoms on the Zn(002) face and doping surface was studied in this part. Based on the
adsorption of one zinc atom, four adsorption sites of the second adsorbed zinc atom were designed [Figure
3A]: top, adjacent, vacancy, and bridge sites. For the Zn(002) face, zinc atoms preferentially adsorb at
vacancies, which is related to their maximum adsorption energy on this surface. The adsorption energy of
the second zinc atom, higher than that of the first (E,,, ,, = -0.960 eV > E,_,, ,, = -0.341 eV), underscores the
importance of the adsorption of the first atom in initiating zinc nucleation.

The adsorption behavior of the second zinc atom on the doping surfaces depends on the geometric
structure of the doping surfaces [Figure 3B]. For flat or concave surfaces (d < d,,), the second zinc atom
will preferentially adsorb at vacancies or bridge sites on the doping surface. The adsorption height (the
distance between the zinc atom and doping surface) of the second zinc atom is similar to the first. The
adsorption energy of the second zinc atom is significantly enhanced, mirroring the phenomenon observed
on the Zn(002) face. On a convex surface, the first zinc atom always adsorbs at the top site of the doped
atom, while the second adsorbs on the site near the doped atom. The adsorption height of the second zinc
atom is lower than the first one. The simulation results also confirm that the doped site will form a potential
well and attract zinc atoms.

Afterward, two adsorption trends were designed to investigate the orientation of zinc nucleation: parallel
and vertical adsorption [Figure 3C]. The parallel adsorption may cause uniform deposition of zinc atoms on
the surface, and the vertical adsorption may cause the zinc dendrite growth. Calculation results show that all
surfaces (except for the Al-doped surface) exhibit stronger adsorption energies for parallel than for vertical
adsorption, indicating that zinc atoms on these surfaces tend to deposit uniformly. However, vertical
adsorption energies of these surfaces are also negative, which means that zinc dendrites may still grow. For
of the vertical adsorption (-0.37 eV) than the Zn(002) face
(-0.24 eV), proving that zinc dendrites are easier to grow on the Cu-doped surfaces than on the Zn(002)

example, the Cu-doped surface has a higher E

ad2-v

face. The experimental studies of previous literature also prove that Cu atoms exhibit depolarization on the
zinc surface, leading to the growth of numerous leaf-like dendrites".
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Figure 3. Adsorption of multiple zinc atoms on doping surface: (A) the adsorption site of two Zn atoms; (B) the adsorption behavior of
two zinc atoms on different doping surfaces; (C) the first adsorption energy, the adsorption energy of parallel and vertical adsorption on
the doping surface.

Additionally, to further investigate the orientation of zinc nucleation, multiple zinc atoms (n = 3, 4), varying
in heights and sites, were placed on the Zn(002) face. After geometry optimization, it was found that zinc
atoms will vertically stack on the surface, and the adsorption energy is -1.08 eV, indicating that vertical
growth of zinc nucleus can occur thermodynamically [Supplementary Figure 3]. Similarly, they have a trend
of vertical stacking on doping surfaces, and the adsorption energies of the second, third, and fourth zinc
atoms gradually increase. This implies that once vertical stacking occurs, the subsequent adsorbed zinc
atoms will grow uncontrollably in the vertical direction, which may directly lead to the growth of dendrites.
Interestingly, the adsorption energies of subsequent zinc atoms are related to the adsorption energy of the
first zinc atom; the weaker the first adsorption energy, the smaller the vertical adsorption energy, and the
smaller the trend of vertical stacking””. doping surfaces with larger-radius atoms exhibit small first
adsorption energy, indicating that these surfaces can inhibit the zinc dendrite growth.

To further investigate the interaction between vertically adsorbed atoms, their Bader charge is calculated.
Obviously, as the number of adsorbed zinc atoms increases, the atom closest to the surface loses more
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charge, which strengthens its interaction with the surface. This contributes to the stability of this vertical
adsorption configuration. The charge transition of the vertical adsorption on the zinc metal surface shows
that the interaction between zinc atoms and surfaces raised with the height of zinc atoms. On the contrary,
the charge transfer of the doped surface zinc atoms decreases as the height of the atom increases, which is
the reason for the smaller tendency of vertical adsorption on the doped surfaces [Supplementary Figure 4].

In conclusion, a vertical growth trend of zinc nuclei existed on the electrode surface. Correspondingly, the
surface doped with large-radius atoms has weaker vertical adsorption energy and lower diffusion energy
barrier than those doped with small-radius atoms, which can effectively inhibit the growth of zinc dendrites.
Among doping atoms, the surface doped with Cu and Ga shows a stronger trend of vertical zinc nuclei
growth, which is not conducive to inhibiting this growth. These findings demonstrate that doping the
surfaces with Al, Ag, Cd, In, Sn, Au, Hg, T1, and Bi can effectively inhibit dendrite growth. Among these
elements, Al, Ag, In, Sn, Au, Hg, and Bi have been proven experimentally that these elements can induce
uniform zinc deposition'
atom may have the best zinc dendrite-inhibiting effect. However, there are few reports on the work of

21,22,26-29,57

I. And the Bi-doped-surface” with the minimum adsorption energy of zinc

doping with Cd and TI, and our results can provide theoretical guidance for future experimental studies.

Because zinc-based batteries commonly use water as the electrolyte, water molecules may affect the
deposition of zinc atoms on the surface. Therefore, the adsorption energies of water molecules on the
doping surfaces were calculated in Supplementary Figure 5. In all surfaces except for the Au-doped surface,
the adsorption energy of water molecules is negative, indicating that they can stably adsorb on doping
surfaces. The positive adsorption energy of the Au-doped surface may be due to the low metal reactivity of
Au, leading to weak interaction with oxygen. For the doping surfaces that can inhibit zinc dendrite growth
in experiments, the adsorption energy of water molecules is smaller than on the zinc metal surface. These
results prove that doped atoms can weaken the adsorption energy of water molecules and inhibit the
hydrogen evolution reaction (HER).

Explore the descriptors affecting zinc atom adsorption energy

According to the calculation results, for zinc atom diffusion, the E, is positively correlated with the
adsorption energy of one zinc atom. For zinc nucleation, the adsorption of the first zinc atom is the key
factor. Therefore, exploring the descriptors affecting adsorption energy of one zinc atom is necessary.
Figure 4A-D illustrates the relationship between the adsorption energy and the properties of the doped
atom, including radius, electronegativity, d-band center, and charge transfer.

The adsorption energy is negatively correlated with atomic radii [Figure 4A]. Compared with Zn
(R=1.37 A) atoms, the small radius of doped atoms, such as Fe (R =1.26 A), Cr (R =1.29 A), and Ni (R =
1.25 A) atoms, may exhibit the strong adsorption energy of zinc atoms. Doped atoms with large radius show
the opposite phenomenon (In: R = 1.67 A, Tl: R = 1.71 A, Pb: R = 1.75 A, and Bi: R = 1.82 A). This result
arises from the distance alteration between the adsorbed zinc atoms and the doping surface by the doping
atoms, thereby diminishing their interaction. However, the trend does not show a good linear relationship
(R* = 0.34), indicating that the radius of doped atoms cannot accurately evaluate the adsorption energy. The
d-band center is considered as a good descriptor for the adsorption energy. Therefore, the d-band centers of
doped atoms were calculated to correlate the relationship between the d-band center and the adsorption
energy, [Figure 4B]. For most doping surfaces, the d-band center exhibits a good linear relationship with
adsorption energy, except for Hg, Bi, Tl and Cd-doped surfaces, because their larger atomic radius reduces
interactions between the adsorbed zinc atom and the zinc metal surface. The correlation coefficient of the
linear relationship is 0.64, meaning that the d-band center cannot describe the adsorption energy separately.
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Figure 4. The relationship between the properties of the doped atom and the adsorption energy of E_;: (A) radii of doped atoms, (B) d
band center, and (C) the heat maps of various factors used in machine learning; (D) Comparison of calculated E,,, by DFT and estimated
E,» by ML. DFT: Density functional theory; ML: machine learning.

The electronegativity difference between doped and zinc atoms may affect the interaction between the
adsorbed zinc atoms and the surface. Accordingly, the correlation between electronegativity of doped atom
and adsorption energy was studied in Supplementary Figure 6. Unfortunately, there is no strong correlation
between adsorption energy and electronegativity [Supplementary Figure 6]. For example, the adsorption
energy of zinc on Au (y = 2.4)-doped surfaces is -0.24 eV, weaker than that on Co (y = 1.8)-doped surfaces
(-1.56 V). With zinc having an electronegativity of 1.65, it can be observed that elements with similar
electronegativity to it and a larger atomic radius exhibit lower adsorption energy, while elements with
significantly different electronegativity often have greater adsorption energy than the zinc metal surface. To
find other descriptors, charge transfer of doped atoms after zinc adsorption was considered [Supplementary
Figure 7], which can show the strength of interaction between the adsorbed zinc atom and the doped atoms.
It is shown that there is a trend of stronger interactions as the amount of charge transfer increases.
However, the trend does not exhibit a good linear relationship (R* = 0.35, Supplementary Figure 7): the
adsorption energy of doping surfaces with larger-radius doped atoms appears above the fitted line,
indicating weaker interactions than expected; correspondingly, the adsorption energy of doping surfaces
with smaller-radius doped atoms appears below the fitted line, indicating stronger adsorption than the
expected. The poor linear relationship between charge transfer and adsorption energy since the Bader
charge transfer reflects the transfer of charge but does not directly reflect the magnitude of the interaction
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forces. Furthermore, the distance between the adsorbed zinc atoms and the surface also affects the
magnitude of the interaction forces, resulting in the adsorption energy on surfaces doped with large-radius
atoms often smaller than on surfaces doped with small-radius atoms. Therefore, it is difficult to present a
linear relationship between them.

The above factors can reflect the trend of adsorption energy change but cannot accurately describe the
numerical value of adsorption energy. Therefore, the adsorption of zinc atoms cannot be described by a
single physical or chemical property and can be influenced by multiple factors. The heatmap analyzed the
correlation between various factors [Figure 4C]. The results show a positive correlation between the radius
of doped atoms and the value of adsorption energy (correlation coefficient: 0.61); the d-band center is
negatively correlated with the adsorption energy (correlation coefficient: -0.81) due to the negative value of
the adsorption energy. The two factors will play an important role in predicting adsorption energy. To
accurately describe the adsorption energy of zinc atoms on doping surfaces, ML was used to synthesize the
effects of various factors and form a new descriptor.

The data acquisition of ML models is based on the calculated adsorption energy of one zinc atom on the
doped surface [Supplementary Table 4], and 25% of the dataset was divided into test sets. In order to
identify parameters that may affect adsorption energy, various physical and chemical properties, including
electronegativity (y), valence electrons (n), first ionization energy (I), electron affinity (A), d-band center
(e4), and the ratio of radius between doped atoms and zinc atoms (R), were used to train the SR model. The
SR with the genetic program (GPSR) was adopted to find the mathematical formula. These factors were
bred, mutated, and evolved to form a new descriptor during the genetic program. The evaluation of the
program is determined by Pearson’s R, which can reflect the linear relationship between the result predicted
by SR models and the calculated adsorption energy by DFT. Both the maximum symbolic expression tree
depth and length were set to 35. The arithmetic functions, including addition, subtraction, multiplication,
and division, were considered, and power functions, including square, power, square root, root, cube, and
cube root, were adopted.

The results of the SR model are presented in the Supplementary Materials. After training, the model depth
is 12, and its length is 34. The mean absolute error (MAE) is 0.086 for the test set and 0.036 for the training
set. The R* values of the training and test sets are 0.966 and 0.873 [Figure 4D], respectively, indicating a
good linear relationship between the trained model and calculated data (the criterion is R* > 0.8). The partial
dependence plots [Supplementary Figure 8], show that the adsorption energy increases with the radius ratio
and decreases with ¢,. The change rate of adsorption energy with radii is smoother than that of the d-band
center, indicating that radii have a smaller influence on adsorption energy than the d-band center. ML can
analyze the contribution of each factor to the prediction outcome**. In the formula of Supplementary
Table 4, the impacts of variables ¢,, R, A, and yx are 0.876, 0.194, 0.069, and 0.006, respectively, proving that
the ¢; and R have the greatest impact on adsorption energy, with ¢, having the greater impact.

CONCLUSIONS

In this work, the growth mechanism of zinc nuclei on single atom-doped surfaces was studied by calculating
the adsorption energy and E, of zinc atoms. We found that the doping surface with concave geometric
structure will enhance the adsorption energy of zinc atoms and lead to an increased trend of vertical zinc
nuclei growth. To suppress the vertical growth of zinc nuclei, we selected surfaces doped with nine types of
elements: Al, Ag, Cd, In, Sn, Au, Hg, T1, and Bi, which have thermodynamic stability and parallel growth of
zinc nuclei. In addition, the results show that the zinc atom diffusion and zinc nucleation are related to the
adsorption energy of the first zinc atom on the surface. Therefore, the SR algorithm was used to explore the
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influence of various factors on the adsorption energy. The results indicate that doped atoms with large
radius and low d-band centers have weak adsorption energy of zinc atoms, which may inhibit the growth of
zinc dendrites. Our work can provide theoretical guidance for the design of a dendrite-free anode of ZIBs.
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