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Nucleophilic materials play important roles in the deposition behavior of high-energy-density metal
batteries (Li, Na, K, Zn, and Ca), while the principle and determination method of nucleophilicity are
lacking. In this review, we summarize the metal extraction/deposition process to find out the
mechanism of nucleophilic deposition behavior. The key points of the most critical nucleophilic
behavior were found by combining the potential change, thermodynamic analysis, and active metal
deposition behavior. On this basis, the inductivity and affinity of the material have been determined
by Gibbs free energy directly. Thus, the inducibility of most materials has been classified: (a)
induced nuclei can reduce the overpotential of active metals; (b) not all materials can induce active

Received 17th February 2023, metal deposition; (c) the induced reaction is not changeless. Based on these results, the influencing

Accepted 28th March 2023 factors (temperature, mass, phase state, induced reaction product, and alloying reactions) were also
taken into account during the choice of inducers for active metal deposition. Finally, the critical issues,

challenges, and perspectives for further development of high-utilization metal electrodes were
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1. Introduction

Although lithium-ion batteries have achieved great success in
commercialization, metal batteries (Li, Na, K, Zn, and Ca) are
considered to be next generation high-performance batteries
due to their high energy density. For the high proportion of
active substances and low redox potential of the metal anode,
the two future development directions of high-energy-density
batteries include high-utilization-metal batteries and anode-
free metal batteries."™ However, the application of metal
electrodes encounters restrictions on dendrite growth. These
dendrites consume active materials and aggravate battery-side
reactions, which leads to the loss of substances. These will
restrict the preparation and application of high utilization
rate metal anodes and even no metal anode, which causes a
huge obstacle to the realization of high energy density metal
batteries.”™""

A metal anode with a high utilization rate or even no extra
metal means a large amount of metal participates in extraction/
deposition, which indicates that the current collector cannot
maintain a complex structure.'*** Therefore, the affinity between
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the current collector and the active metal will directly determine
the stability of the electrode structure. Some structures, like the
root structure of a tooth,” and the root structure of a tree,'® are
very useful for constructing stable fluid-collecting electrode struc-
tures. Nevertheless, electrodes with poor affinity are easy to form
and grow active metals on the surface of the metal, resulting in
problems such as the formation of dendrites and dead metals.

To improve the affinity of the interface, metal derivatives
are routinely used as the induction core to induce reactivity.
Various compounds are applied as inducers to build stable
metal anodes,””2° such as oxides,>*® nitrides,**™® fluori-
des,*>* and phosphides.>®®* These compounds can improve
the affinity of the interface and help form high-utilization-
metal batteries. Nevertheless, the mechanism of nucleation,
cycling of metal electrodes, and the determination of ions’
behavior are blurry. Moreover, only one suitable induction
material is considered and analyzed as the induction core,
and the systematization and regularity are lacking. For example,
most of the derivatives have a certain degree of inductivity in Li
metal electrodes, while which one material is the most suitable
is unclear; the derivatives that can be used in other metal
batteries (Na, K, Zn, Mg, and Al) are unidentified, and whether
all the derivatives are available for inducing the deposition of
metal is uncertain. As a result, the selection and application
of metal inducers still lack a complete selection system. It is
of vital importance to construct a system with no need for
complicated experimentation and that can directly judge the
inducibility of a substance.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Illustration of deposition behavior of metal anodes: the basic
physical chemistry determines the rules, which ultimately affect the safety
of the battery.

In this review, we summarized and analyzed the affinity between
metals and current collectors, which help to realize a high-
utilization metal electrode and high-energy density metal batteries
(Fig. 1). First, the deposition potential, substance, and energy
change in the metal dissolution/deposition process are analyzed
and Gibbs free energy is considered as an important basis for
judging. Then according to the existing literature and articles, the
reaction-free energy is systematically reviewed, summarized, classi-
fied, and calculated to find out the relevant change trend and the
judicial law of the inducing material. After that, the reaction states
of the battery under different working conditions and other inter-
ference factors such as temperature and reaction products are
explored to identify whether the reaction law is eternal.

2. Discussion
2.1. Deposition reaction in metal batteries

To answer the question of whether the substance is inducible in
the deposition process, the battery reaction mechanism needs
to be clarified. Usually, metals are deposited on the substrate
material to form metal anodes. The energy undulation and
influencing factors like overpotential are analyzed specifically
and quantitatively.®*®* The energy undulation in the initial
stage includes the change of Gibbs free energy, and the change of
Gibbs free energy leads to the material variety and the difference
of reaction energy barriers. Taking Li batteries as an example, Li
becomes Li" on the anode side and then deposits on Li foil on the
cathode side as shown in Fig. 2a. The reaction at the anode side is
shown by Li metal atoms crossing the energy barrier (AGpar. 1i— 1)
to an excited state with exoteric additional energy and losing
electrons resulting in an oxidized state of Li'. This procedure
needs extra energy (AGpar, 1i—1i+) and releases energy (AGpqr, ri— i +
AGy; 1) after crossing the barrier. The reactive ion reaction
(eqn (1)) is shown below:

Li-e” =Li" AGi_pi+ = —293.3 k] mol™* (1)

Though the conversion of Li to Li" is a spontaneous reaction,
there is an energy barrier that needs to be overcome. When the
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deposition current density increases, with the increasing
number of Li turning to Li', the energy required to activate
the Li atoms is also enlarged as the number of Li atoms
participating in the above reaction proportionally increases.
Since the reactions are identical, the energy changes of the
initial deposition and the stable deposition are the same as the
reaction continues.

When it comes to the cathode, there is another situation.
There are various cathodes, such as Cu foil, carbon, and carbon
doped with compounds, which are used as substrates of Li. In a
stable deposition process, as there is already a layer of lithium
on the cathode surface, the substrate hardly affects the deposi-
tion process. Thus, nucleation energy is not required and Li"
will cross another energy barrier (AGpa,. 1) to an active state and
be reduced to Li®® (eqn (2)).

Li"+e =Li AGu_1i = 293.3 k] mol ' (blue line)  (2)

During the reduction of Li*, AGpar_1; is needed to cross the
barrier and extra energy AGp,r. iori+ (293.3 KJ mol ) will be
released. Taking all these processes, the system releases energy
(AGLi_1i+) at the anode and absorb energy (AGp;+_ ;) at the
cathode (blue line), which means the reaction reaches an
energy balance.

However, the first cycle of the battery (original deposition)
is inconsistent and two different situations depend on the
substrates (eqn (3)).

X 1

M +1Li,0 - 2Mm.0, 3)

Lit 4 =
e =Mty 2

Reaction A: AG > 293.3 k] mol ™" (yellow line)

Reaction B: AG < 293.3 k] mol ™" (red line)

Due to different reactions, the energy barriers are changed
as the yellow and red lines shown in Fig. 2a. Productions
have different Gibbs free energies, so the lithophilic substrate
(AG > 293.3 k] mol ') needs less energy (AGpar. s 1i+) than that
of a stable deposition while lithium-phobic substrate (AG <
293.3 k] mol ") needs extra energy (AGpar.a - 1i)-

The difference between the initial deposition and the stable
deposition is reflected in the voltage. Specific quantitative
relationships between energy and voltage including Gibbs free
energy and other factors are analyzed as follows. Fig. 2b shows
the half battery structure and overpotential curves of different
substrate materials. Correspondingly, the yellow and red lines
refer to the electrode reactions of AG > 293.3 k] mol ' and AG
< 293.3 k] mol™%; the blue line refers to the Cu or other non-
reactive substrates.

Due to the huge amount of unstable factors in the initial
deposition stage, the equilibrium state is analyzed first to reduce
the influencing factors. Voltage is proportional to energy (eqn (4)):

AG = —nEF (4)

According to this relationship, the ion reaction (Li, Na,
K, and other metals) potential can be calculated (ESIf).

Mater. Horiz., 2023,10,1990-2003 | 1991
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Fig. 2 Deposition reaction in metal batteries. (a) Gibbs free energy change curve of Li* in the initial dissolution—deposition process. (b) The components
of over-potential in the initial stage of Li* deposition. (c) Overpotential transformation of symmetric batteries during cycling.

Theoretically, if the energy released at the anode can be used to
excite the cathode reaction completely with no energy loss,
it needs no extra energy to prompt the reaction. While voltage
is the reflection of energy, the overpotential should be zero.
However, this is not the case. It can be found that the energy
needed by electrical equipment, and the migration from
the anode to the cathode of Li ions form concentration
potential, and the inevitable resistance of the electrolyte causes
energy loss. Specifically, the overpotential AE is the sum of

1992 | Mater. Horiz., 2023, 10, 1990-2003

concentration and resistance for the tested battery according to
the Nernst equation and Ohm’s law (eqn (5)):

AE = Epon + QI (5)

That means resistance for the battery is directly related to
overpotential as the partial potential of the internal resistance
is the product of resistance and current, which means the
higher the deposition current density, the greater the over-
potential and equilibrium deposition potential are.

This journal is © The Royal Society of Chemistry 2023
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After derivation of eqn (6) and (7), it can be concluded that
the partial potential of the concentration is dependent on
temperature; the higher the temperature, the greater the partial
potential when ion activity is consistent. In short, the control-
ling factors of the overpotential in the stable deposition state
are identified: the deposition current density, current, resis-
tance, temperature and Li" concentration are positively corre-
lated with overpotential. Experimental verification with
controlling current density variables is shown in Fig. S1 (ESIt);
for the same ion deposition on the same substrate, the over-
potential increases with the increasing current density. The
experimental results in all three representative metals (Li, Na,
and K) are consistent with the speculative results which can
confirm the correctness of the theory.

The initial sedimentation reaction is discussed as follows. The
Cu substrate does not react with Li" and is not a lithophilic
material. As electrons travel much faster than ions, when Li atoms
in the anode are oxidized to Li*, the corresponding electrons are
transferred more quickly to the positive electrode. After that, the
Li" in the electrolyte is reverted to a Li metal synchronously on Cu
foil and thus the first solution-deposition process is completed.
The energies required for these two steps are AGpar 1i_ri+ and
AGhar 14, respectively. As the energies during deposition and
extraction are offset, the generally extra energy input is necessary
due to the concentration difference and resistance (Eqon, + QI).
Additional nucleation energy is needed for the Cu substrate.

Moreover, due to the poor contact affinity between Cu and Li
metal, extra nucleation energy is needed.®® Compared with the
stable deposition process and initial sedimentation reaction,
the energy required increases.

AGE 16163 Ty
Abne. == T 3L.2ATF

)

Thus, for the same current density, the inducer plays an
important role in the overpotential. Cu substrates,®”"® which
possess poor contact affinity with the Li metal, need the
nucleation energy AE,,. and are predicted to have the maxi-
mum initial deposition overpotential. However, if the substrate
is an inducer with Li, the AE,.. can be smaller or even offset
which means a smaller overpotential.”’””> The experimental
proof is further shown in Fig. S2 (ESIt). For the K metal half-
cell, the discharge process gives rise to the formation of K
carbides on carbon electrodes and the following deposition

This journal is © The Royal Society of Chemistry 2023
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process can display the overpotential value. Hard carbon shows
the highest K capacity, which means the highest K carbide
containment. As a result, hard carbon after discharging shows
the lowest overpotential.

Additionally, both lithium-phobic and lithophilic substrates
are combined with carbon to guarantee conductivity normally,
so there is no nucleation energy. For the lithium-phobic sub-
strate (A), the energy needed is the sum of AGpqr, i i+ and
AGpar. a1, Which is greater than the stable deposition energy
AGpar. 1i—1i+- In other words, the initial overpotential is the
combination of stable overpotential AE and the voltage formed
by the extra energy barrier AE, (eqn 10):

AE; = AGrar.a-Li (10)
a
If lithophilic inducer B is chosen, the initial deposition can
be easier. Using the same analysis method, the reduced voltage
change compared with the equilibrium sedimentation process
can be expressed as eqn (11):

= (11)

Moreover, the reduced energy and the stable deposition
energy can be calculated by comparing eqn (7) and (8).
If 1 mol Li' reacts, the energy difference is AGg. When the
mass of the inducer reacted is Muy o, the integral of the area
between two overpotential curves is displayed in eqn (12):
mm.,0,
2yMM\»o (2)

v

CredA = AGB

Up to now, an overall understanding of the energy changes
during metal deposition is built and a quantitative equation of
the overpotential based on Gibbs free energy and energy barrier
is established.

The overpotential of symmetric batteries is determined by
complex influencing factors, including current density, cycling
time, the diffusion of ions, and the ion reaction (Fig. 2c). For
the pure K electrode under normal current density (lower than
the current density that leads to sand’s time), the stable
deposition mainly refers to the barrier of activation energy of
reaction 7 (eqn (13)-(15)).

Li F Li 1-p)F .
J=Jo tiﬁ exp <71€T17) - Z—;iexp (%’7)} (reduction)

Lit
(13)
i 1-BF ; F
J=Jo {%}::exp (%;O — Zglexp (—%n)] (oxidation)
(14)
. #(1— *
Jo= VFkgff.CL(ﬁ Dl (15)

The sharp peak of overpotential at the beginning of deposition
is due to the nucleation of Li. Along with the cycling time, the
overpotential is much larger due to the inevitable formation of
dendrites. Subsequently, Li* diffusion in the dead Li layer is
more difficult. Increased diffusion resistance leads to an

Mater. Horiz., 2023, 10, 1990-2003 | 1993
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enlarged overpotential in the following deposition which can be
specifically expressed as:

(16)

For the deposition on the electrode with an inducer, which can
inhibit the formation of dendrites, there is no nucleation
overpotential due to the affinity of nucleated sites and no
diffusion overpotential without the dendrite layer. Additionally, it
is worth noting that beside the nucleation overpotential, there are
also overpotentials caused by metal deposition and growth, ion
diffusion and migration, and ion diffusion in the dendrite layer
formed in the later stage.”® Therefore, the disappearance of the
nucleation overpotential cannot be seen in the initial deposition,
while the reduction in the sum overpotential can be detected.
Moreover, the stable growth process in the later stage leads to
a constant potential, namely the equilibrium overpotential of
eliminating nucleation overpotential. Theoretically, the slight
increase in the overpotential of the induced electrode is due to
the reaction barrier of the ion reaction. As displayed in Fig. 2¢/,
the energy of Li" conforms to normal distribution, the number of
active ions with enough energy to cross the reaction energy barrier
is proportional to the current density, and the other white area in
Fig. 2¢’ represents the number of ions that need extra energy to
cross the barrier.

This section focuses on the battery reaction mechanism:
(1) a lithophilic substrate needs less energy while a lithium-
phobic substrate needs more energy. (2) The controlling factors
of the overpotential in the stable deposition state are identified:
operating current density and resistance, temperature and Li"
concentration. (3) In the initial stage of battery deposition, Li
nucleation results in a large overpotential; the diffusion of Li"
in the dead Li layer leads to the increase of overpotential in the
subsequent deposition reaction.

2.2. Inducers reducing the initial overpotential

From eqn (3)-(6), the controlling factor of the overpotential
includes intrinsic battery factors (battery internal resistance)
and working condition factors. As shown in Fig. S3 (ESIt),
the substrate largely determines the electrochemical deposition
behavior. Inducers play an important role in enhancing alkali
metal nucleation sites. The introduction of nucleation sites builds
a robust substrate to form a tightly bound structure with alkali
metals. In the case of ensuring the working state of the battery,
the way to reduce the overpotential is to change the affinity and
reaction energy of the substrate. Through the theoretical analysis
and experimental verification of the deposition process, Gibbs
free energy theory was introduced to explain this process.
In addition, this method can determine whether a substance
can act as an inducer or not.

Different oxides of different elements are analyzed to deter-
mine if a substance can be used as an inducer. The reaction of
the sedimentary state should be clear: the reaction of the anode
in a half battery is the same:

A=A"+e A=(Li, Na, K) AGaso

(17)

1994 | Mater. Horiz., 2023, 10, 1990-2003
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Table 1 The inductivity of common oxides in alkali metal batteries
Mass M,O, AGMXoy AGyi12 AGnaiz AGxis Calc.
107.87 Ag,0 -11.18 -275.46 —183.95 —-155.79 115.87
26.98 Al,O4 —1582.27 —17.34 74.17 102.33 16.99
74.92 As,05 —782.09 —202.84 —111.34 —83.17 22.98
137.33 BaO —525.35 —18.38 73.13 101.29 76.67
9.01 BeO —579.06 8.48 99.99 128.15 12.51
40.07 CaO —603.51 20.70 112.21 140.37 28.04
140.12 CeO, —1025.38 —24.71 66.80 94.96 43.03
58.93 CoO —214.20 —173.95 —82.45 —54.28 37.47
58.93 Co030, —794.90 —181.69 -90.18 —62.02 30.10
52.00 Cro, —544.90 —144.83 —53.32 —25.16 21.00
52.00 Cr,03 —1058.07 —104.71 —13.20 14.96 25.33
132.91 GCs,O —308.41 —126.85 —35.34 —7.18 140.91
63.55 CuO —128.29 —-216.91 —125.40 —97.24 39.78
63.55 Cu,,0 —147.88 —207.11 —115.61 —87.44 71.55
55.85 FeO —251.44 —155.33 —63.82 —35.66 35.93
55.85 Fe, 03 —742.29 —157.34 —65.83 —37.67 26.62
55.85 Fe;0, —1015.23 —154.15 —62.64 —34.48 28.94
69.72 Ga,03 —998.34 —114.66 —23.16 5.01 31.24
72.63 GeO —237.20 —162.45 —70.95 —42.78 44.32
72.63 GeO, —-521.31 —150.73 —59.22 —31.06 26.16
200.59 HgO —58.53 —251.79 -—160.28 —132.12 108.30
24.30 MgO —568.94 3.42 94.93 123.09 20.15
54.94 MnO —362.90 —99.60 —8.10 20.07 35.47
54.94 MnO, —465.14 —164.77 —73.26 —45.10 21.74
54.94 Mn;O, —1283.23 —120.65 —29.14 —0.98 28.60
95.95 MoO, —-533.05 —147.79 —56.28 —28.12 31.99
92.91 Nb,O5 —1765.86 —104.47 —12.96 15.20 26.58
58.69 NiO —211.54 —175.28 —83.78 —55.61 37.35
207.21 PbO —188.65 —186.73 —95.22 —67.06 111.61
207.21 PbO, —215.40 —227.20 —135.70 —107.53 59.80
44.96 Sc,03 —1819.37 22.18 113.68 141.85 22.99
78.97 SeO, —171.47 —238.18 —146.68 —118.52 27.74
118.71 SnO —256.77 —152.67 —61.16 —33.00 67.36
118.71 SnO, —520.00 —151.05 —59.55 —31.38 37.68
87.62 SrO —561.40 —0.35 91.16 119.32 51.81
47.87 TiO, —889.41 —58.70 32.81 60.97 19.97
50.94 V,05 —1419.54 —139.10 —47.59 —19.43 18.19
183.84 WO, —533.86 —147.59 —56.08 —27.92 53.96
65.38 ZnO —320.48 —120.81 —29.31 —-1.15 40.69
91.22 ZrO, —1339.72 53.88 145.39 173.55 30.81

The values of AGa;0 depend on the type of metal, such as AGyj10,
AGyaio, and AGx;o are —293.3 k] mol™?, —261.9 k] mol ™, and
—283.3 kJ mol ™", respectively.”*””” However, the reaction of the
cathode is different. As oxide is one of the most widely used type
of inducer, it is chosen and discussed. For example, the reactions
on several common bases are listed below:

Carbon or Cu substrate:

A=A"+e  A=(Li, Na, K) AGp1y

(18)
Oxides-doped carbon:

1/(2y)M,O, + A" + e~ = x/(2y))M + 1/2A,0 A = (Li, Na, K) AGxy1/
(19)

If AGAq1- is smaller than AG,44, the oxide can be an inducer for
active metal deposition. These two equations are subtracted to
compare more conveniently:

1/(2y)M,0, + A = x/(2))M + 1/2A,0 (A = Li, Na, K) AGas,
(20)

AGa11r — AGa1q = AGara

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Oxides' inducer to reduce the initial overpotential. (a) The inductivity of different oxides arranged in the periodic table in Li, Na and K metal
batteries. (b) Inductive summary of typical oxides in common metal electrodes.

If AGax < 0, the oxide can be an inducer. The smaller the
AGp1» (AGaq17), the better the inductivity. Table 1 lists the
inductivity of common oxides in alkali metal (Li, Na, and K)
batteries. Additionally, the inductivity of the other metal bat-
teries mentioned in the scientific work (Zn, Mg, Ca, Ni, and Al)
are shown in the ESL.{5%78780

As AGa1z = 1/2Ggp0 — 1/(2y)AGf’Mxoy, if the active metal of
the batteries is fixed, the Gy, 4,0 is fixed. Thus, AGa,, depends
on the value of AGf,MXOy, and y. The harder the formation of the
oxide, the better the inductivity of the energy. Fig. 3 exhibits the
inductivity of different oxides in Li, Na, and K metal batteries to
show the tendency clearly. Ignoring the measurement error of
forming Gibbs free energy and special properties of special
elements, it can be concluded as follows. For elements in the
same main family, there is a tendency that the inductivity
enhances with the increase of atomic number. Generally,
reducibility reduces with the increasing atomic number (same
main family). Similarly, for elements in the same period, there
is a tendency that the inductivity enhances with the increase in
atomic number.

This journal is © The Royal Society of Chemistry 2023

Actually, for the same oxide, due to the AGa1, = 1/2Gga 0 —
1/(2y)AnyMxoy, the difference of AG,;, depends on the Ggazo.
As shown in Fig. 3b, the Gibbs free energy difference between
different oxides in K and Na batteries is constant. Noticeably,
the metal valence in oxides, nitride, and fluoride does not affect
the calculation, and the related data are shown in the ESIt and
Fig. S4.

Besides the inducibility of the oxide being confirmed,
another determinant of the selection of the inducer is the
relative atomic mass of the inducer. The most prominent
advantage of metal batteries is their high energy density.
Therefore, as an inactive substance of the battery, the inducer
also needs to take its quality into account when considering it.
The mass of oxides needed to react 1 mol e~ of 8 normal metal
batteries is calculated via the reaction equation and the molar
mass of the substance. Integrating the inducibility with mass
(Fig. 4, Fig. S5, ESIT and Table 1) can guide the selection of
oxide, fluorides, and nitrides inducers.?*° The stuff on the
bottom left has less mass and more inductivity. For better
differentiation, colors are used to indicate selection trends.
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The cooler the hue, the more we need. Oxides like NaO, and induce the deposition process, while Pu,O; can do just the
Cr,0; not only have small relative atomic masses but also can  opposite.
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According to the calculation results, MgO is not a suitable
inducer for Li, Na, or K. To further indicate the correctness
and rationality of the judgment rule, the MgO inducer is
applied (Fig. S6-S8, ESIt). Fig. S6a and b (ESIf) show the
morphology of carbon-loaded MgO particles (MgO®@C).
Fig. S6c (ESIt) indicates the uniform elemental distribution
and Fig. S6d (ESIt) displays the MgO characteristic peaks.
Fig. S7 (ESIT) reveals the overpotential of carbon with/without
MgO. MgO has little effect on Li deposition potential while it
can increase Na and K deposition overpotentials with no side
effects for stable deposition. This is due to the ignorable Gibbs
free energy change compared with pure carbon electrodes.
These results verified the negative impact of MgO during the
process of deposition. Moreover, Co;0, composite carbon
materials are also used to deposit Na*, and the positive effect,
just as we predicted, is successfully manifested (Fig. S8,
ESIT).QO‘gl

The inducibility of the other compounds is also calculated
systematically in the same way.”®’®°* Table 2 puts the metal
compounds together for intuitive comparison. It can be con-
cluded generally that fluorides show the strongest inductance,
oxides come next, while nitrides show the smallest inductance
for the same metal. Regardless of the preparation problem,
fluorides can be an appropriate choice to reduce the over-
potential and produce dendrite-free electrodes. It should be
noted that when nitride reacts with Na and K, the products are
not stable (decomposing into N,), so the nitride inducer is not
suitable for Na and K electrodes.”™’
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In this part, the inductance of materials is analyzed system-
atically based on the deposition mechanism: (1) the inductivity
increases with increasing atomic number for elements in the
same main family and period. (2) Fluorides show the strongest
inductance, oxides come next, while nitrides show the smallest
inductance for the same metal. (3) Besides the inducibility of
the oxide being confirmed, another determinant of the selec-
tion of the inducer is the relative atomic mass of the inducer.

2.3. Inductivity of different substances at the non-room
temperature

The above results refer to the Gibbs change of the reaction at
room temperature. Actually, in the course of practical experi-
ments and applications, molten metals mixed with certain base
materials become an important way to modify the metal
electrodes and improve the stability of metal batteries. Never-
theless, combining the metal with substrates is difficult and the
binding force is weak. Thus, substances such as oxides are used
to promote the reaction and enhance the adhesion. Oxide is
taken as an example to discuss the relationship. The reaction is
consistent with the sum of the cathode and anode reactions in
the deposition process.

1/(2y)M,0, + A = x/(2y)M + 1/2A,0 (A = Li, Na, K) AGay,
(21)

Therefore, the basic data are still available in the table.
Notably, the inductivity in melting temperature is not the
same as that at room temperature because the Gibbs free

Table 2 The comparison of the inductivity of oxides, fluorides, nitrides, and phosphides in Li batteries

Mxo_y AGLilZ AGLill MxFy AGLilZ AGLill MxNy AGLilZ AGLill MxPy AGLilZ AGLill
1 Oxides Oxides 2 Fluorides Fluorides 3 Nitrides Nitrides 4 Phosphide Phosphide
Al 05 275.96 —17.34 AlF; 181.67 —111.63 AIN 346.08 52.78 AlP 264.87 —28.43
Au,0; —0.73 —294.03 AuF; —197.76 —491.06

BaO 274.92 —18.38 BaF, 283.85 —9.45 Ba;N, 299.69 6.39

BeO 301.78 8.48 BeF, 194.33 —98.97 Be;N, 339.23 45.93

CaO 314.00 20.70 CaF, 291.41 —1.89 Ca;N, 311.75 18.45

Ce, 03 296.90 3.60 CeF; 241.93 —51.37 CeN 348.74 55.44

CoO 119.35 —173.95 CoF, 17.92 —275.38 CoP 258.99 —34.31
Cr,03 188.59 —104.71 CrF; 72.45 —220.85 CrN 281.32 —11.98

Cs,0 166.45 —126.85 CsF 230.02 —63.29

Cu,O 86.19 —207.11 CuF —35.82 —329.12 Cu;P 230.74 —62.56
CuO 76.39 —216.91 CuF, —49.54 —342.84

FeO 137.97 —155.33 FeF, 36.23 —257.07

Fe,O5 135.96 —157.34 FeF; 28.74 —264.56

Ga,0; 178.64 —114.66 GaF; 71.51 —221.79 GaN 276.33 —16.97 GaP 242.69 —50.61
In,05 150.69 —142.61 InF; —14.63 —307.93 InN 245.19 —48.11 InP 237.93 —55.37
La,O3 296.58 3.28 LaF; 245.90 —47.40 LaN 340.76 47.46

MgO 296.72 3.42 MgF, 240.19 —53.11 Mg;N, 317.17 23.87

Mn, 03 159.10 —134.20 MnF; 37.91 —255.39 MnN 249.13 —44.17 MnP 249.13 —44.17
Nd,O3 299.09 5.79 NdF; 239.17 —54.13

NiO 118.02 —175.28 NiF, 9.79 —283.51

PbO 106.57 —186.73 PbF, 20.08 —273.22

Pu,O; 299.33 6.03 PuF; 199.25 —94.05 PuN 341.96 48.66

Sb,0; 117.97 —175.33 SbF; —12.32 —305.62

Sc,05 315.48 22.18 ScF; 217.85 —75.45 ScN 345.01 51.71

SrO 292.95 —0.35 SrF, 286.91 —6.39 Sr3N, 303.93 10.63

ThO, 304.44 11.14 ThF, 205.53 —87.77 Th;N, 351.50 58.20 ThP 325.96 32.66
Ti,03 251.22 —42.08 TiF; 158.59 —134.71 TiN 353.47 60.17

V5,03 202.09 —91.21 VF; 113.53 —179.77 VN 314.11 20.81

ZnO 172.49 —120.81 ZnF, 61.39 —231.91 ZnzN, 243.86 —49.44 Zn;P, 226.04 —67.26

This journal is © The Royal Society of Chemistry 2023
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energy of the matter is not a constant. Ignoring the electrolyte, = —0.05607 + 352.4539 (accurate data in the ESIT)
it can be drawn from the previous conclusion that in general,
the higher the temperature, the better the inductivity is. Never-
theless, the inductivity of the substance is dynamically changed
at different temperatures surely.

The change of Gibbs free energy at high temperatures is
analyzed. To acquire the calculated results, the Gibbs free
energy of different substances and the Gibbs free energy change
of several reactions are considered. For the pure metal ion
reaction, the calculation is as follows:

(23)

Through existing data of Gry;, the value of Gy, is fitted into
two parts, solid and liquid. The equation of Grp;+ at phase
transition temperature is calculated based on the data of Gry;
changing with temperature. As G is a state function, the
variation trend of Grp;+ is assumed to be consistent above the
phase transition temperature.98 AGr1i+-1i above the phase
transition temperature can be obtained by Gy; (fitted) and G+
(calculated).

Li"+ e =Li AGryiiowi 22 1 1
bre =M Ak (22) AHE(T) = AHy + AaT + SABT? + ZAcT? (24)
AGr1i+-1i is the Gibbs free energy change in this reaction.
The value of AGp+_y; in the low-temperature range (solid |
without a phase change) is known. To extend the temperature ASO(T) = Aa+ 1R + Aaln T + AbT + EACT2 (25)

range and express the AGr ;+_,1; more accurately, the equation
for Gy;+ is calculated. The standard voltage value of the propy-

lene glycol solvent is taken as an example (eqn (23)). AGO(T) = AHy — IRT — AaT'In T — lAbT2 — lAcT3 (26)
m B 2 6

Er i1 = —3.48 — (T — 298.15) x 850 x 10 ° (at phase

transition temperature)

Aa = Z vgap Ab= Z vgbp Ac= Z VBCa (27)
B B B

AGT,Li+—>Li = 2B it X F
AG2 increases with the increase of the temperature,

Published on 30 March 2023. Downloaded by Y unnan University on 8/14/2025 11:20:34 PM.

=[-3.48 — (T — 298.15) x 850 X 10_6] X 96485.3328

because Aa, Ab, and Ac are positive values. Moreover, the Gibbs
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Fig. 5 Inductivity at the non-room temperature. (a) Inductivity of MgO in Li metal batteries at different temperatures. (b) Inductivity of Al,O3 in K metal
batteries at different temperatures.
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free energy of oxides can be obtained from the following
method:
=M.0, AGm,0, = Gm,0,

xM + %)02 — xGy — %Go2 (28)

AGw,0, is easy to be calculated by fitting the standard Gibbs
free energy of oxides. Nevertheless, it is hard to find the reason
for the change of its value in essence. Hence, AGMxoy is
obtained by fitting the standard Gibbs free energy of M metal,
0,, and M,0,. To make the simulation more accurate, the
phase transition temperature is used as the boundary to
separate different parts for fitting.

At last, the temperature coefficients of AGT,Mxoy and AGry;, are
determined. The Gibbs free energy-temperature trend is shown in
Fig. 5. More importantly, the inductivity of different temperatures
is calculated. Fig. 5a and b illustrate the inductivity of MgO and
ALO; at temperatures from 300 to 1500 K. With the increase in
temperature, the effect of oxides on lithium also varies. Normally,
the inductiveness is enhanced in most cases. There are two turning
points in the AGT,Mxoy,Lih As the trend of G, is fixed, these two
turning points are the results of the shifting trends of M and Li.
The G, H trend alters with the phase change, which corresponds to
the turning points shown in Fig. 5. It may be complicated to model
the trend of AGT,MXOy_N through the G of the reaction. Simulating
the AG of M,0, and active ions’ (Li" etc.) changes directly can get
the approximate results (Fig. S9, ESIt).

This part analyzes the inductance of substances at non-room
temperature. The affinity of the same substance varies with
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temperature and the tendency of the inductivity of different
substances varies with temperature. Furthermore, the data
availability of the phase transition process is questionable.

2.4. Alloying reaction

Regardless of the reaction of the inducer at room temperature
or other temperatures,”'° the metallicity of elements in the
inducer will be reduced to simple metals (such as Ag), some of
which will undergo an alloying reaction (such as Li-Ag alloy)
with the active metal. Whether or not the alloying reaction
occurs, the formation of solid solutions and intermetallic
compounds after the alloying reaction depends on the
reduced metallic element and the type of anode of the metal
battery.wl'lo“

As shown in Fig. 6a—-c, the alloying reaction with different
metals is distinguished for the Ag-contained inducer. Li and Ag
exist in different alloyed forms and the phase change tempera-
ture is relatively low, which means the alloying reaction
between these two metals is easy. However, there is no alloy
between Li and K around room temperature as the diagram
shows, which means that there is no alloying reaction between
them. Only when the temperature increases above 1000 °C or
the system has a stronger energy, a weak alloying reaction can
occur. The properties of Na are between Li and K as Na can alloy
with Ag, but this reaction is more difficult than that of Li.
Furthermore, Fig. 6d exhibits the alloying reaction between
different elements with three alkali metals Li, Na, and K.
The alloying ability of alkali metals can be obtained easily
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elements with Li, Na, and K.
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and the alloying characteristics of the three metals have no
obvious rule.

This section mainly elaborates on the form of the product
after the induction reaction. There is an alloying reaction
between various elements and active metal electrodes; it has
a great impact on the reaction product and the state after
the reaction; whether the alloying is beneficial needs further
research.

This section mainly describes the products after the induc-
tion reaction. A variety of elements can undergo alloying
reactions with active metal electrodes; whether the alloying
reaction occurs or not has a great impact on the state after the
reaction product. In this regard, whether alloying is beneficial
needs further research.

3. Conclusions and prospects

The design and use of batteries with high energy density and
high utilization rate of active substances put forward severe
requirements for the design of metal batteries, especially the
alkali metal electrodes. To achieve high stability and high
utilization of metal electrodes as far as possible, it is of great
significance to rationally use inducers to construct stable
structures, avoid dendrite growth, and improve the activity
ratio. By analyzing and summarizing the current data and
auxiliary deposition experiments, we can draw the following
conclusions.

(1) Rational use of induced nuclei has a certain positive
effect based on electrochemical reaction analysis. The presence
of inducible nuclei can induce the material to react and deposit
at specific sites rather than grow directly on the current
collector surface. Gibbs free energy can be used to determine
whether the deposition reaction is preferred for the active metal
reaction or induced nuclear reaction. When choosing high-
utilization metal batteries, especially anode-free batteries, the
size and molar mass of inducible materials should be consi-
dered. For example, inducible materials should be like seeds
which have relatively light weight and buried deep in a soil-like
current collector, as roots like active metals grow from the
seeds to the surface and form dense, smooth metals eventually.
Our previous work did a similar demonstration. This staggered
structure is the key to achieving a uniform electric field of the
electrode.”® Thus, the traditional metal-based current collector
needs surface treatment or coating of a carbon layer to achieve
this goal. Specifically, some metals formed by a displacement
reaction can alloy with active metals. However, more research
needs to be done to identify whether alloys are advantageous.
During the working process, stripping the active metal might
lead to the structural collapse of the monolithic alloy, such as
the Li-Ag alloy.

(2) Not all materials can induce active metal deposition.
First of all, if the Gibbs free energy to induce a material to
react with an active metal is greater than the deposition free
energy of the active metal, a large overpotential will be
generated which is not inducible and the active metal tends

2000 | Mater. Horiz., 2023, 10, 1990-2003
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to grow on the surface of the active metal. Moreover, lithium
metal-inducible materials may not be suitable for other
metals. For example, the induced reaction products of nitrides
in Na and K electrodes are azides (NaN; and KN3), and nitrides
cannot exist stably.

(3) Many factors affect the induced reaction, especially the
temperature. For materials that are not induced near room
temperature, increasing the temperature may achieve an
induced reaction. Therefore, it is necessary to choose materials
with stronger inductivity rather than the inductivity close to
the inductivity decision line (i.e. not strong inductivity).
Furthermore, if heating causes a phase transition of the active
metal (solid to liquid phase), the Gibbs free energy parameter is
going to change dramatically, which has a very large effect on
the induced reaction. The phase transition process is consi-
dered in this article, but the applicability of the data after the
phase transition is lacking. Some data are relatively old and
need to be further updated.

Based on the above analysis and discussion, here are some
suggestions for the construction of high-energy-density metal
batteries. First, 100% utilization of active metals (anode-free
battery) is not the most urgent problem to solve at the moment.
It is more feasible to gradually increase the utilization rate
of metals and choose cheaper materials. Furthermore, more
strategies such as the construction of an alloy structure, 3D
structure substrate, and the compound of nucleophilic materials
and metals can also be of advantages.

Second, the distribution of induced nuclei is very important.
At present, only carbon materials can achieve the induced
behavior which is similar to the rooting effect of active metals.
In the future, traditional current collectors may be able to
achieve this goal through partial alloying. Finally, the choice
of an electrolyte with better fluidity and wettability is necessa-
rily critical. It would be advantageous to apply a high wetting
electrolyte to form a stable electrode and then achieve a stable
deposition and dissolution interface of the active metal. Never-
theless, this process is currently very cumbersome, so the use of
metal batteries is still not that easy.

This article systematically discusses and summarizes the
previous research results and data on the metal battery deposi-
tion reaction-induced nucleation, puts forward the relevant
judgment basis, and carries out the necessary experimental
verification. This can provide theoretical support for the explora-
tion and development of the preparation technology based on the
high utilization rate of metal electrodes in the future, and it is
expected to play a more important role in the production and
application of batteries in the later stage.
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