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Abstract

Braga-Goodenough all-solid-state Li-S discharges beyond the theoretical capacity of the Sg
cathode and deposits Li during discharge, and the paradigm-shifting phenomena have been
analysed by the previous mechanism. The mechanism has explained the phenomena
coherently, except for an intrinsic question raised for the Li deposition step. This paper
reviews and revises the previous mechanism and presents a new mechanism involving
intramolecular tunnelling electron transfer within an adsorbate to clarify and resolve the
issue. The formation of the adsorbate Ssli*sp(ad) (sf-surface states) is essential and
characteristic, being the common step for both mechanisms. Since this adsorbate electron
energy level is around the Sg or Ss cathode potential range, the previous mechanism showed
that electrons from the Li anode reduced Li*sp(ad) in the Sg'Li*sp(ad) to deposit Li. However,
this electron flow followed the established concept of battery discharge and raised the
question of why the reduction path was not through Sg, but only through Li*sp(ad) in the
adsorbate. The present new mechanism answers this question through the tunnelling
electron transfer from Ss  to Li*sp(ad) within the adsorbate, which is entirely congruent with
the heterojunction physics analysis, and demonstrates a new overall reaction equation.
Maximum Li deposition cycles and discharge capacity are also discussed.
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List of symbols

Li-S lithium-sulphur all-solid-state rechargeable battery

Na-Fc sodium-ferrocene all-solid-state rechargeable battery

Li-MnO; lithium-manganese dioxide all-solid-state rechargeable battery
Li*gl Li-glass solid electrolyte of Li2.99Bao.00501+xCl1-2x

Na‘*gl Na-glass solid electrolyte of Naz.99Bao.00501+xCl1-2x

Li*(sf) Li* in surface states of Liz.99Bao.00501+xCl1-2x

Na*(sf) Na* in surface states of Na2.99Bao.00501+xCl1-2x

(sf) surface states
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Sg'Li*(sf) (ad) adsorbed molecule between Sg™and Li*s)

Li*sf (ad) Li*sf in the adsorbate Sg'Li*(sr) (ad)

SOMO single occupied molecular orbital

p, p-value stoichiometric coefficient, number of Li*sf available for adsorption, p > 1
E electrochemical reaction

C chemical reaction

Ce intramolecular tunnelling electron transfer

(ECCe)n cathode reaction mechanism of Braga-Goodenough Li-S with Ce

nin (ECCg)n number of cycles of the (ECCe) process and Li deposition, p 2 n

E[(ECC)c]n [7] cathode reaction mechanism of Braga-Goodenough Li-S without Ce
nin E[(ECC)c]n [7] number of cycles of the (ECC)c process and Li deposition, p > n
cin E[(ECC)c]n [7] catalytic reaction steps

F the Faraday constant

X0 closest distance between Li*sn and Sg”

E¢ Fermi level

LUMO lowest unoccupied molecular orbital

#Cent generalized charge neutrality level

dent charge neutrality level

| tve-ca’| transfer energy between the valence band orbital of Sg” and the conduction
band orbital of Li* s

| tve'-ca| transfer energy between the valence band orbital of Li*gl and the conduction
band orbital of Sg’

Ecs energy level of the conduction band bottom for Sg

Eve energy level of the valence band top for Sg°

E'c energy level of the conduction band bottom for Li*s of Li*gl

E'vs energy level of the valence band top for Li*gl

Eg band gap, E'cs - E’vs, for Li*gl

Dvs density of states of the valence band for Sg’

Dcs density of states of the conduction band for Sg

D’vs density of states of the valence band for Li*gl

D’cs density of states of the conduction band for Li*ss of Li*gl

b4 (|tve-ce’ |/ | tve-ca|?) (Dvs/Dcs)

Ssa/Sti+ ratio of total surface area for 2xo extended unit crystal lattice of Sg to circle area
in Li* radius

fs ratio of the area actually occupied by Li*sf) on the adsorption surface

fe 1 - porosity of cathode active mass/100

Mest effective moles or effective molality of Sg

Mmes measured moles or measured molality of Sg

A utilization coefficient, Meft/Mmes

Prmax maximum number of Li*s; adsorbable on Sg”

Q discharge capacity of Li-S cathode

Qmax maximum discharge capacity of Li-S cathode

high-k high relative permittivity

Introduction

The specific capacity 3860 mAh/g of Li is more than 10 times higher than that of the cathodes of
lithium-ion batteries, and alkali metal rechargeable batteries are still expected to be the next-
generation energy devices. In order to take advantage of the high specific capacity of alkali metals,
it is essential to develop cathode active materials with high specific capacity. Sulphur, which has a
specific capacity of 1670 mAh/g, more than six times that of lithium-ion cathodes, is one of the
candidates for future cathode active materials [1].
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In 2017, Braga et al. [2] presented Li-S, Na-Fc and Li-MnQO; all-solid-state alkali metal rechargeable
batteries, which exhibited distinctly divergent battery phenomena compared with conventional bat-
teries. These batteries utilized glass solid electrolytes containing alkali metal ions (Lio.s9Bao.oosO1+xCl1-2x
or Nao.99Bao.oos01+xCl1-2x) developed by them [2]. These Braga-Goodenough batteries have two main
features: firstly, alkali metals are deposited in the cathode active masses during discharge, and
secondly, the discharge capacity of the battery greatly exceeds the theoretical capacity of the
cathodes. Specifically for Li-S in the three batteries, Braga et al. provided the most detailed data [2].
In particular, the full discharge test data clearly demonstrated the above two features and indicated
that the Li anode was the capacity-determining electrode [2]. These two features of the Braga-
Goodenough batteries are far beyond the battery functionality expected from an extension of
conventional Li-S development concepts.

Prior to the advent of the Braga-Goodenough batteries, no one could anticipate or understand a
battery that could demonstrate a discharge capacity exceeding the theoretical capacity of either the
cathode or the anode, or an alkali metal battery that could demonstrate its alkali metal deposition
in the cathode active mass during discharge. It is imperative to acknowledge and reaffirm that the
observed phenomena exhibited by the Braga-Goodenough batteries were such that their results
could be difficult to accept based on the prevailing conventional understanding of battery
phenomena at the time [3]. Therefore, these phenomena were all surprising to us and of such
significance that they were considered paradigm shifts.

In order to comprehend the aforementioned two features, it was first necessary to elucidate the
reaction mechanisms for the deposition of alkali metals in the cathode active masses. These reaction
mechanisms also had to be able to explain the second characteristic, the fact that every battery
capacity exceeded the theoretical capacity of the cathode. However, at the time of the advent of the
Braga-Goodenough batteries, there was no reaction equation that could adequately describe the
discharge phenomena of alkali metal deposition in the cathode active masses [3]. As a result, it was
initially impossible to understand these battery phenomena in terms of reaction mechanisms [2-6].

One of the main reasons for the lack of understanding of the cathode reactions seems to be the
lack of analysis from a cross-disciplinary perspective, such as chemistry, electrochemistry, solid-
state physics and heterojunction physics, as described in the preceding papers [7,8]. Different fields
of expertise generally have different perspectives of analysis. However, as the same battery
reactions are observed, the results of the analyses of the reaction mechanisms examined from the
perspective of the respective disciplines are considered to contain elements that complement each
other. Therefore, it is considered that there are common elements that allow results on reaction
mechanisms from the viewpoints of chemistry and electrochemistry to share rationality with results
on reaction mechanisms from the viewpoints of solid-state physics and heterojunction physics.

The alkali metal deposition reaction is usually written as Li* + e = Li, taking Li deposition as an
example. However, it is clear that this reaction does not proceed in the cathode potential range [3].
For alkali metal deposition to occur as spontaneous reactions at the cathodes, i.e. the condition for
AG < 0 with regard to the Gibbs' free energy change, the electron energy levels of the surface states
of the alkali metal ions of Li*gl" and Na*gl in the cathode active materials must be lower than those
of the alkali metal ions in the anode active materials. This means that the surface states of the alkali
metal ions of the Li*gl- and Na*gl in the cathode active materials and those of the alkali metal ions
in the anode active materials are chemically different.

On the basis of the experimental results of Braga et al. [2], the electron energy levels of alkali
metal ions in the Li*gl  and Na*gl surface states in the cathode active materials are considered to be
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lowered to the electron energy levels of Sg, Fc and MnO,, the potential-determining cathode active
materials. Therefore, the major difference between the active materials of the cathodes and those
of the anodes is the presence of Sg, Fc and MnO; in the cathode active materials and the absence of
these in the anode active materials. Thus, the alkali metal ions of the Li*gl-and Na*gl surface states
in the cathode active materials are considered to be in a state where molecular orbital contact is
possible through solid/solid contact with Ss, Fc and MnO,, and the adsorption by this molecular
orbital contact is considered to lower the electron energy levels of the alkali metal ions to the
electron energy levels of Sg, Fc and MnO,.

The investigation of the mechanisms for these three types of batteries commenced with Li-S [7],
followed by Na-Fc and Li-MnO; [8]. As described above, the key elementary reactions for the
deposition of alkali metals in these reaction mechanisms were identified as adsorption processes [7,8].
These adsorption processes were classified as chemisorption involving orbital contact and orbital
hybridisation between either Li*sn or Na*sn and each of the potential-determining cathode active
materials of Sg, Fc or MnO,. In the case of Li-S, the adsorption process did not occur directly with Sg
but the reaction between Sg and Li*sf) [7], where Sg™ is an intermediate radical formed by the one-
electron reduction of Ss. The electron energy level of the adsorbate Ss'Li*sp(ad) between Sg™and Li* s
is located in the Sg” or Sg cathode potential range, thereby resulting in a significant reduction in the
electron energy level of Li*sf(ad) in the adsorbate Sg'Li*(sn(ad).

In the preceding paper [7], it was considered that this reduction in electron energy level could
initiate an electron transfer from the Li anode to the adsorbate Sg'Li*sn(ad) [7]. In order for Li to be
deposited in the cathode active mass in this mechanism, it was necessary for the electrons from the
anode to enter the Li*sr(ad) side of the adsorbate Sg'Li*sn(ad) [7]. On the other hand, in the case of
Na-Fc and Li-MnO,, it was considered that the alkali metal deposition could be ascribed to the
intramolecular tunnelling electron transfer reactions in the adsorbates between Fc and Na*f and
MnO; and Li*sf) [8].

Heterojunction physics, ¢°cne played an essential role in the investigation of these reaction
mechanisms [7,8] (see Appendix). ¢°cn. provided essential criteria for investigating the charge
neutrality level in heterojunctions and for determining the possibility and direction of electron
transfer between the components of the adsorbed molecules [7,8].

In accordance with the reaction mechanisms for Li-S, Na-Fc and Li-MnQO,, the discharge capacity
and the deposition cycles of alkali metals were investigated [7,8]. The discharge capacity of these
three batteries was found to be proportional to the number of deposition cycles of each alkali metal
[7,8], and the deposition cycles of each alkali metal were found to depend on the effective number
of Li*(ss or Na*(sp that could be adsorbed by the cathode active material of each battery [7,8].

Although in the Braga-Goodenough batteries, only the Li-S experimentally exhibited a discharge
capacity exceeding 10 times the theoretical capacity of the Sg cathode in its full discharge test [2],
according to the mechanisms for Li-S, Na-Fc and Li-MnO; [7,8], it was also indicated that for all three
batteries, the discharge capacity of each battery could be able to exceed 10 times the theoretical
capacity of each cathode active material [7,8]. These mechanisms allowed us to understand the
experimental results shown by Braga et al. that these batteries continued to discharge beyond the
theoretical capacities of the cathode active materials and deposited alkali metals in the cathode
active masses during discharge [2,7,8].

In the preceding paper [7], the mechanism of Li-S was summarized by the shorthand formula
E[(ECC)c]n, in which E denoted an electrochemical step, C denoted a chemical step, c indicated
catalytic steps, and n denoted the process of (ECC)c repeated n times. The catalytic part of the
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reaction (ECC)c cycles the deposition of Li. That is, n denotes the number of cycles of the Li
deposition step (ECC)c.

Although this E[(ECC)c]n mechanism was able to coherently explain the Braga-Goodenough Li-S
phenomena, there remained an essential question raised for the Li deposition step corresponding to
the E step in the (ECC)c part, as was already commented on in the preceding paper [7]. This question
was why the electrons from the Li anode selectively reduced only Li*sf(ad) and not Sg”in the adsorbate
Ss'Li*sn(ad). This flow of electrons from the Li anode to the cathode during discharge followed the
established concept of battery discharge, and in the preceding paper [7], the rationale for the selec-
tivity of the reduction only Li*sn(ad) in the adsorbate could not be rationally explained. The expla-
nation was limited to the fact that Li was deposited in the cathode active mass during discharge [7].

This paper presents a new (ECCg)n mechanism, where Cg stands for the intramolecular tunnelling
electron transfer step, n denotes the Li deposition cycles by repeating the (ECCe) process, and E and C
have their usual significance shown above. This (ECCe)n mechanism provides a solution to the question
through the Ce process corresponding to the Li deposition step of the electron transfer from Sg to
Li*sp(ad) within the adsorbate Sg'Li*sn(ad). The diagnostic criteria in terms of ¢°cne in relation to this
(ECCe)n mechanism are entirely congruent with this intramolecular tunnelling electron transfer.

As a result of revising the elementary reaction of Li deposition in terms of this (ECCg)n
mechanism, the overall reaction equation appears to be different from that derived from the
previous E[(ECC)c]n mechanism demonstrated in the preceding paper [7]. With regard to the overall
battery reaction equations, they are generally a fundamental requirement for determining the
battery design conditions in practical batteries. It is therefore concluded that the discrepancy in the
overall battery reaction equations derived from the battery mechanism analyses is considered the
most fundamental and crucial issue. Consequently, this (ECCe)n mechanism is considered a lynchpin
in the understanding of Braga-Goodenough Li-S.

The present paper expounds on this (ECCe)n mechanism, comparing the results derived from the
E[(ECC)c]n mechanism obtained in the preceding paper [7] and also delving into the subjects of
maximum Li deposition cycles and discharge capacity.

Experimental

Since all contents of this paper are related to the reviews and revisions of the preceding paper [7],
all experimental results for Li-S are referred to the data and descriptions in Braga et al. [2], which
are the same as in the preceding paper [7]. Regarding the electronic states in terms of band gap,
critical radius and density of states for the Sg and the intermediate radical Sg”, the data from the
preceding paper [7] are employed in this paper, which were obtained by quantum chemical
calculations with Gaussian 09, Revision E.01, with the accuracy of APFD/6-311+G(2d,p) [7]. Since Sg”
is a radical species, its calculations are expressed as SOMO calculations.

Results and discussion

(ECCe)n model

Figure 1 shows the Braga-Goodenough Li-S battery diagram, which reflects a picture of Li
deposition in the following mechanism (ECCg)n. The cathode active mass consists of the active
materials of Sg powder and Li*gl" powder and the current collectors of carbon black powder and Cu. In
this Braga-Goodenough Li-S, as described in this section, Li*gl” acts not only as the battery separator
but also as the reaction active material of the cathode. At the interfaces between the potential-
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determining material Sg and the solid glass electrolyte powder Li*gl, Li is deposited in the active mass
during discharge [2]. Instead of the intermediate radical Sg” in the previous mechanism [7], Ss is
covered with deposited Li under discharge conditions in Figure 1.

Open circuit During discharge
| I°
Sg SE SE SS
(CIC] _ (C g C]
O Li* C)
Sg @p — Sg @p
© Ss © S
L Ligh (C Lirgl (C

Li*gl glass powder, Sg Sy before discharge,

Sg | Sg covered with Li during discharge, @ Carbon black

Figure 1. Diagrams of the Braga-Goodenough Li-S cathode active mass under open circuit and discharge
conditions reflecting the (ECCe)n mechanism. Instead of the intermediate radical Sg in the previous
mechanism [7], Ss is covered with deposited Li under discharge conditions

Equations (1) to (9) are the elementary reactions of the Li-S cathode related to Li deposition
during discharge. The first step, Equation (1), shows the one-electron electrochemical reduction of
Ss, forming the intermediate Ss™. The left side of Equation (1) shows that pLi*sf) for an Sg will occupy
the position where orbital contact and hybridisation are possible due to the solid-solid contact
between Sg and Li*gl". In this paper, as was the case in the preceding paper on Na-Fc and Li-MnO;
[8], the stoichiometric coefficient p, which is an integer and p 2 1, is introduced. The p-value is
defined as the number of initial states of Li*s) that can be adsorbed on Sg". Equation (2) represents
the equilibrium reaction, and the right side of the equation indicates that, among these pLi*sf, one
Li*(sp with the highest probability of orbital contact and hybridisation at the interface with Sg” forms
the adsorbate molecule of Sg'Li*(sr(ad).

E: SgplLi*sn+e —> Sg plLi*(sh (1)
C: Sg pli*sn <> Ss™Li*sn(ad)(p-1)Li*sh (2)
Ce: Sg Li*sp(ad)(p-1)Li* s — Ss Li (p-1)Li*sn (3)

Equation (3) represents the intramolecular tunnelling electron transfer from Sg to Li*sn(ad) in
the adsorbate Sg'Li*(sn(ad)(p-1)Li* (s resulting in the oxidation of Sg™ itself to Ss and the reduction of
Li*sn(ad) to Li. This reaction step corresponds to the elementary reaction of Li deposition.
Furthermore, Ss, which has been reduced to Ss™in Equation (1), is regenerated in this intramolecular
tunnelling electron transfer step, Equation (3). It can therefore be concluded that 1F (C) discharge
per one mole of Sg from Equations (1) through (3) results in the deposition of one mole of Li. The
reactions described by Equations (1) to (3) correspond to the initial cycle of Li deposition.

The notations E, C and Ct correspond to the electrochemical, chemical and intramolecular
tunnelling electron transfer reactions, respectively. The notation E of the electrochemical reaction
here is defined as the electron transfer through current collectors from the Li anode. On the other
hand, the Ct step corresponds to the electron transfer occurring directly within the adsorbate
molecule in the form of tunnelling electron transfer between orbitals with the same electron energy
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levels within the adsorbate. It is important to distinguish between these two steps, E and Ce. The
adsorption process of Equation (2) and the intramolecular tunnelling electron transfer of Equation
(3) are straightforwardly compatible with the ¢°cn. analysis discussed in detail later in the next
section.

The regenerated Sg in the form of SsLi(p-1)Li*sf in Equation (3) re-initiates the subsequent
discharge in the reaction schemes from Equations (4) to (6) as follows:

E: SsLi(p-1)Li*sh + e — Ss Li (p-1)Li*(s (4)
C: Sg Li(p-1)Li*sp <> Ss™ [Li*(sn(ad)] Li (p-2)Li*(sn (5)
Ce: Sg [Li*(sn(ad)] Li (p-2)Li*sr) — Ss 2Li (p-2)Li* s (6)

Equations (4), (5) and (6) correspond to the second cycle of Li deposition and are analogous to
Equations (1), (2) and (3), respectively. The only difference is in the content of the notation; the p-
value and the number of Li differ by one in each equation. The number of cycles of Li deposition and
the number of moles of Li deposited correspond to the number of reductions of the p-value from
its initial value p.

Since Equations (1) to (3) and Equations (4) to (6) correspond to the reaction pairs for the 1st and
2" cycles of Li deposition, respectively, the discharge reaction proceeds by repeating these reaction
pairs, decreasing the p-value by one and increasing the number of Li by one. When the number of
cycles of these reaction pairs is n, then the nth Li deposition occurs in the nth cycle. Therefore, at
the end of the nth cycle, the amount of discharge electricity and the number of moles of Li deposited
are nfF (C) and n moles, respectively, where n is an integer and n < p. As the first and the second
reaction pairs correspond to Equations (1) to (3) and Equations (4) to (6), respectively, the following
Equations (7) to (9) correspond to the reaction pair for the nt cycle of Li deposition.

E: Ss(n-1)Li (p-n+1)Li*sr) + € = Sg™ (n-1)Li (p-n+1)Li* s (7)
C: Sg (n-1)Li (p-n+1)Li*sr) <> Ss™ [Li*sn(ad)] (n-1)Li (p-n)Li*sh (8)
Ce: Sg™ [Li*sp(ad)] (n-1)Li (p-n)Li*sr) — Ss nLi (p-n)Li* (s (9)

In this paper, on the basis of the above reaction equations, this reaction mechanism can be
represented in terms of the shorthand formula (ECCg)n.

By integrating the summation from Equations (1) to (9), the cathode overall reaction equation of
Equation (10) for the nth Li deposition cycles in the cathode active mass can be obtained as follows:

Ss pLi*sn+ ne — Sg nli (p-n)Li*sn (120)

Figure 2 shows the schematic representation of the (ECCg)n mechanism. In Figure 2, for the
reaction pairs described above, the reaction cycle is included up to n = 2, i.e. from Equations (1) to
(6). For the number of Li deposition cycles, i.e. the intramolecular tunnelling electron transfer cycle,
the number of cycles is included up to n = 3. In respect of the intramolecular tunnelling electron
transfer, Sg”is considered to play the essential role as an electron donor for Li*s(ad) and as a catalyst
from the point of view of the reaction cycles of this (ECCe)n mechanism.

Figure 3 shows a schematic representation under p = 10 conditions, in which Sg™ contacts Li*(s),
Li*sn(ad) and the deposited Li under cycle 1 (n = 1) conditions in the left panel. The right panel of
Figure 3 shows the diagram of the conditions following tunnelling electron transfer from Sg™ to
Li*sn(ad). As illustrated in Figure 3, the dimensions of Sg’, Ss, Li*(sf), Li*sn(ad) and Liin each radius reflect
those observed in practice, where the radii of Li*sf and Li*sn(ad) are represented by that of Li*.
Although the dimension of Sg™ is marginally larger than that of Sg, based on SOMO calculations [7],
both sizes are represented as equivalent.
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Figure 2. Schematic representation of the Li deposition cycle in the (ECCe)n mechanism for Braga-
Goodenough Li-S. Sg is first reduced to Sg by an electron from the Li anode, and one of the Li*sp of the pLi*(sp
adsorbs on this Sg radical. Once the adsorbate Ss’Li*sp(ad) is formed, the intramolecular tunnelling electron

transfer takes place, and Ss is regenerated with Li deposition. These reactions are then repeated. Three
filling arrows indicate the direction of the tunnelling electron transfer within the adsorbate Sg'Li*isp(ad). The
reaction cycle of the (ECCe)n mechanism is included up ton =2

cyclﬁ 1 cyclﬁ 1

n= n=

ce, e

O O O O
SB-\G = cycle 2

OO o O O( =2)
o . e

Sy, S, @ Deposited Li, O Li*g,, @ Li*gp(ad),

44 Tunneling electron transfer from Sy™ to Li*sp(ad).

Figure 3. Schematic representation of the intramolecular tunnelling electron transfer within Ss'Li*sp(ad)
including the sequence of the Li deposition cycle from n =1 to n = 2 in the (ECC¢)n mechanism under p = 10
conditions. In the left panel, Ss functions to reduce Li*;sp(ad) to Li, and in the right panel, Ss is regenerated

during the Li deposition cycle 2. As two cycles of Li deposition are already completed, the remaining p-value
is (p-2) = 8. Under these conditions, this (ECCg)n cycle is still capable of cycling further under these
conditions, with an additional n = 8. The circle radii reflect those of 483 Sg, 59 Li*(sp and 152 Li in pm

As demonstrated in Equation (10), when p = 1 (p 2 1), the minimum conditions for the p-value
yield the minimum Li deposition cycle n = 1. Hence, Equation (11) for the minimum Li deposition for
the 1F (C) discharge is derived from Equation (10) by introducing p=n = 1.

Sg Li*sn+ e — Sg Li (12)
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The maximum number of Li deposition cycles can be attained when p =n (p 2 n) in Equation (10).
Thus, Equation (12) is derived from Equation (10) by introducing p = n.

Sg pLi*(sn+ pe — Sg plLi (12)

For an ordinary Li-S, the cathode discharge capacity per one mole of Sgis 2F (C) [7]. However, as
demonstrated above in Equation (12), in the case of Braga-Goodenough Li-S, the discharge capacity
of the cathode can reach up to pF (C) per one mole of Sg. As demonstrated above, the Li*gl of the Li*(sf)
resource can be defined as the cathode active material of the Braga-Goodenough Li-S. The number of
p-values is, therefore, like an indicator of the practical discharge capability of this battery. Determining
the practical p-value is therefore one of the fundamental points in practical battery design when using
this battery in practice. The following section describes the evaluation methodology and pragmatic
evaluation of this p-value in practice.

With regard to the battery overall reaction involving the Li anode, these are explained below. The
Li anode reactions paired with the cathode overall reaction in Equation (10) are Equations (13) and
(14) as follows:

nLi — nLi* + ne (23)

nLi* <> nLi*(sf (14)

The Li anode overall reaction is then given by Equation (15) from the sum of Equations (13) and
(14) as follows:

nLi — nLi*sn+ ne (15)

Therefore, the overall reaction of Li-S is given by Equation (16) from the sum of Equations (10)
and (15) as follows:

Sg pLi*(sn+ nLi — Sg nLi (p-n)Li*(sr) + nLi* (s (16)

In the case of n = p under maximum discharge conditions for the cathode, Equation (16) is equal
to Equation (17).

Sg pLi*(sn+ pLi — Sg pLi + pLi*(sf) (17)

Table 1 summarizes the cathode overall reactions of the two mechanisms, (ECCe)n and the
previous E[(ECC)c]n [7], including the overall reactions for the Li anode and this battery. In the
preceding paper [7], the adsorbate Sg'Li*sn(ad), which appears in Equations [2], [5] and [8] of this
paper, received electrons directly from the Li anode. This raised the aforementioned question of
why the reduction path was not through Ss’, but only through Li*sr(ad) in the adsorbate. This (ECCg)n
mechanism provides a clear answer to the question through the intramolecular tunnelling electron
transfer within the adsorbate Sg'Li*(sn(ad).

As shown in Table 1, these two mechanisms of this (ECCg)n and the previous E[(ECC)c]n exhibit
divergent cathode and overall battery reaction equations. A difference in the overall reaction in the
same battery leads to a different battery design in practical use. Therefore, this difference in overall
reactions derived from their elementary reactions is of great importance and means an essential
point in the research of reaction mechanisms.

Table 1. Overall discharge reactions in each mechanism

Mechanism Ss cathode Li anode Battery?
Ss pLi*sh+ ne > Ss pLi*sn+ nli —
Sg nLi (p-n)Li*(sn Sg nlLi (p-n)Li*sn + nLi*sh
Sg + (n+1)Li*sp + (n+1l)e —> (n+1)Li — (n+1)Li*en +
Ss'Li*sn(ad) + nLi [7] (n+1)e [7]

aThe overall discharge reaction is the sum of the overall discharge reactions of the Sg cathode and the Li anode.

(ECCe)n nLi — nLi*p+ ne

E[(ECC)c]n [7] Sg + Li = Sg'Li*(sn) [7]
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Table 2 summarizes the crucial reaction steps and thermodynamic factors of the two mechanisms
in terms of Li deposition at the cathode, i.e. AG < 0 and electron transfer. As shown in Table 2, the
difference in electron transfer during Li deposition is the key point of distinction between the two
mechanisms. In other words, in the previous E[(ECC)c]n mechanism, the conventional electron
transfer during battery discharge, i.e. from the Li anode to the Sg cathode, raises two possibilities in
relation to the reduction of the adsorbate Sg'Li*sn(ad). One is the reduction of Li*s(ad), which can
explain the Li deposition. The other is the reduction of Sg’, which cannot explain the Li deposition
and simply leads to the ordinary Li-S discharge reaction. These two possibilities raised in the
previous mechanism are the essential point of the present paper. In the previous E[(ECC)c]n
mechanism, it was not possible to choose the Sg” reduction path because no Li deposition occurred
along it. The present paper indicates that the lack of a rational explanation for this selection is
ascribed to the original difference in the electron transfer mechanism for depositing Li. This present
paper reveals that the intramolecular tunnelling electron transfer from Sg” to Li*sf(ad) within the
adsorbate Sg'Li*sn(ad) is the step responsible for Li deposition during discharge.

Table 2. Summary of the key points of the two mechanisms in relation to the cathode Li deposition

Mechanism Crucial reaction step Thermodynamic rationale, Electron transfer for Li
for Li deposition AG < 0 for Li deposition deposition
(ECCe)n Adsorbate formation ~ Lower electron energy level of the Intramolecular tunnelling
of Sg'Li*sn(ad) adsorbate Sg'Li*(sn(ad) than the Li anode electron transfer?
Electron transfer via
E[(ECC)c]n [7] Same as (ECC¢)n ordinary battery
discharge®

3From Sg to Li*sp(ad) within the adsorbate SgLi*(sp(ad).
bFrom Li anode electrons to the adsorbate Sg'Li*(sn(ad) in the Sg cathode.

The charging reactions of this (ECCe)n mechanism correspond to the reverse reactions of this
mechanism. Under the conditions of a charge-discharge cycle, it is unlikely that the state of the
distribution Li*sf around Sg after charging will be the same as before discharging [8]. It is natural to
assume that the p-value, which appears as an initial value in Equation (1), may vary from cycle to
cycle. From this point of view, it is considered that the self-charging phenomena described by Braga
et al. [5,6,9] can be attributed to an increase of this p-value in Equation (1) from cycle to cycle as
described in the preceding paper for Na-Fc and Li-MnO; [8].

Braga et al. described that the Braga-Goodenough Li-S was reversible, deposited Li in the cathode
active mass and did not consume Sg above the cell voltage of 2.34 V, as demonstrated by the 28-day
full discharge capacity test [2]. Therefore, as long as their data is taken into account, this (ECCg)n
mechanism is valid up to a cell voltage of 2.34 V, because at cell voltages below 2.34 V, Braga et al.
described that Sg started to be consumed [2]. From their experimental data [2], it can be seen that
at a cell voltage of 2.34 V, the Li-S capacity exceeds eight times the theoretical Sg capacity of the
cathode. According to the results of this 28-day full discharge capacity test [2], the capacity-
determining electrode was not the Sg cathode but clearly the Li metal anode. This is also another
unique feature of the Braga-Goodenough Li-S because in conventional alkali metal anode batteries,
the capacity-determining electrodes are their cathodes.

It is thought that the relationship between the (ECCe)n mechanism and the Li-S cell voltage
window during discharge depends on several factors, such as the preparation conditions of the
cathode active mass, the practical charging and discharging rate, and so on. Therefore, this cell
voltage of 2.34 V can be recognized as a kind of threshold to sustain the (ECCg)n mechanism.
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According to this (ECCg)n mechanism, the discharge capacity will be nF (C) for n Li deposition cycles
per Sg within this (ECCe)n mechanism cell voltage window. Since an ordinary Li-S discharge capacity
is 2F (C) per Ss, the total discharge capacity, including after the (ECCe)n mechanism is completed,
will be (n+2)F (C). Therefore, the ratio of the discharge capacity of the Braga-Goodenough Li-S to
that of an ordinary Li-S is simply expressed by Equation (18) and Equation (19), without considering
other factors such as the utilization coefficient, A, of practical batteries, as follows:

100(n+2)/2 (18)

100n/2 (19)

Equations (18) and (19) correspond respectively to the full discharge test and the limited
discharge test within the voltage range > 2.34 V, where the (ECCe)n mechanism takes place. These
Equations (18) and (19) connote A = 1 conditions and are basically identical to the findings from the
E[(ECC)c]n mechanism in the preceding paper [7].

Until this Li-S cell voltage of 2.34 V of the discharge capacity test [2], the discharge amount of
electricity of the battery already exceeds eight times the theoretical Ss capacity [2]. In this case,
within the (ECCg)n mechanism for Equation (19), the number of Li deposition cycles, n, is greater
than 16. At the end of the full discharge test, the capacity was to exceed approximately 1100 % of
the theoretical capacity of the Sg cathode [2]. In this full discharge case, it is necessary from Equation
(18) that the number of Li deposition cycles, n, is greater than 20. The practical significance of these
Li deposition cycle values will be discussed in detail in the discharge capacity section.

For a good understanding of this (ECCe)n mechanism, it is essential to understand the adsorption
processes of Equations (2), (5) and (8) and the intramolecular tunnelling electron transfer of
Equations (3), (6) and (9). Adsorption processes involving orbital contacts between molecules are
known to have a significant effect on their electron energy levels [10-13], and tunnelling electron
transfer has been recognised as the basis of electron transfer reactions [14-16]. In the case of this
(ECCe)n mechanism, the intramolecular tunnelling electron transfer, the Ce step, is thought to be the
direct and elastic types of tunnelling electron transfer in the following [14-16].

Figure 4 shows that the electron energy levels of Li*sp vary significantly with the distance from
Ss”. Regarding the electron energy levels of adsorbed particles, i.e. Li*sf) here, they are generally not
the same as those of isolated particles [10-13]. The position of pLi*s in Equation (1) should be in
the xo region in Figure 4, and this xois considered to be around a 200 pm (0.2 nm) level, as described
in the preceding paper for Na-Fc and Li-MnO3 [8]. This 200 pm is based on the inner Helmholtz layer
of the electric double layer structure, where the so-called specific adsorption and an inner-sphere
electrode reaction take place [17]. This xo value is thus one of the key points in determining the
maximum number of Li deposition cycles and the maximum discharge capacity of the Li-S cathode,
as described in other sections.

Around this 200 pm, as shown in Figure 4, the electron energy levels between Sg™ and Li*sr) are
considered to partially overlap, and tunnelling electron transfer of direct and elastic types occurs
between the orbitals of Sg” and Li*sf(ad) within the adsorbate Ss'Li*(sn(ad) [14-16]. Around 200 pm
regions, the probability of electron transfer through an energy barrier is strongly dominated by the
tunnelling effect [14-16]. On the other hand, taking into account the Boltzmann function, the
probability of electron transfer through the energy barrier under these conditions can be recognised
as zero [14-16].

Sg™ is the intermediate radical between the two consecutive one-electron reductions of Sg to Sg%,
the so-called EE mechanism [7]. In an EE mechanism, an intermediate radical has two levels in the
frontier orbitals; one is occupied by electrons and the other is unoccupied [7,18,19]. In Figure 4, these
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two levels of Sg” are shown in two Gaussians of the probability distribution of density of states, and
the Gaussian of the higher energy level corresponds to the orbital occupied by electrons. This is
characteristic of an EE mechanism because the relationship between the energy levels of these two
Gaussians is reversed compared with the ordinary redox couples, and the tunnelling of electrons
from Sg” to Li*sn(ad) is thought to be basically based on this orbital of the higher energy level
Gaussian in Figure 4. The numbers on the y-axis were those estimated by taking into account the
open circuit voltage and the measured potential of each anode and cathode of the Li-S [2]. Strictly
speaking, the flat line of the Fermi level, E, from the current collectors to the adsorbate Sg'Li*(sr(ad)
shown in Figure 4 may not seem realistic under battery discharge conditions. However, the
expression in terms of flat Er is useful to simplify the understanding of the overlap of the electron
energy levels of the current collectors, Sg” and Sg'Li*sn(ad), to understand this (ECCe)n mechanism.
In Figure 4, the shaded area shows the overlap of the electron energy distributions below E.

Xo X>> X
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Li* (sh .
(sf) L|+(sf)
14 LUMO
>
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@
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o Current
E collectors Litgl
8 S¢”
W 40l E
Sy Li* (ad)
w w w
0 200 800
x/pm

Figure 4. Variation of electron energy levels of Li*p at various distances from Sg. As Li*isp approaches Sg, the
electron energy levels of Li* s approach Sg” and spread out due to its interaction with Sg, having the widest
probability density at xo. AGqq: adsorption energy curve of Li*spapproaching Sg, W: probability density of
electron energy states, x: distance to Li*isp, xo: distance to adsorbed Li*isp (ad). Li*sp forms the adsorption bond
with Sg, which significantly lowers the electron energy level of the adsorbed Li*s5. The electron energy level of
Li*p decreases from the LUMO level of Li*sp to the electron energy level range of Ss as Li*sp approaches Sg,
while its level width gradually widens [10,13]. The electron energy level width reaches its maximum at a
distance of xo from Sg where orbital contact and hybridisation is possible with high probability [13]. At the
same time, the adsorption energy curve, AGa,, becomes the most stable energy state at xo [10,13]

As described in detail in the next section, this (ECCe)n mechanism is straightforwardly compatible
with the analysis of heterojunction physics ¢°cniand answers the question raised in the previous
E[(ECC)c]n mechanism [7].

(ECCe)n mechanism from the perspective of ¢®cnt

In this section, the (ECCe)n mechanism is analysed in terms of ¢°cni. As explained in the Appendix,
the terminology of ¢°cn. has been used in the field of semiconductor heterojunction physics and
integrated circuit technology [20-24]. In the field of battery science, ¢°cn. seems to be the first to be
applied to the research mechanisms of these Braga-Goodenough batteries [7,8]. As will be shown
in this section, ¢°cn basically demonstrates the charge neutrality level at a solid/solid contact
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interface, which corresponds to a balanced electron energy level at the interface when two solid
phases are in contact and is related to the Fermi levels on either side. Of particular interest are the
evaluation capabilities of ¢°cn. for solid/solid heterojunction interface properties in terms of charge
transfer and orbital hybridisation [20-24].

With regard to the heterojunction interface between Sg and Li*sp), ¢°cn. provides the two
possibilities in terms of electron transfer and orbital hybridisation [20-24]. Figure 5 shows the two
possibilities of electron transfer and orbital hybridisation in the theory of ¢°cn between Sgand Li*gl
. One is from the valence band of Sg™ to the Li*(sry conduction band of Li*gl,, and the other is from the
0% and CI valence bands of Li*gl to the conduction band of Sg™. In the first case, from the valence
band of Sg” to the Li*sn conduction band, this is in direct agreement with the (ECCg)n mechanism and
the experimental fact of Braga et al. [2] that Li is deposited in the cathode active mass during the
discharge. Therefore, from the point of view of ¢°cni, the intramolecular tunnelling electron transfer
within the adsorbate Sg'Li*sn(ad) in the (ECCe)n mechanism is from the valence band of Sg™ to the
conduction band of Li*sf(ad), as demonstrated by the bold line in Figure 5. With respect to the bands
of Li*gl, the conduction bands contain the frontier orbitals of Li* cations, and the valence bands
comprise the frontier orbitals of 0% and Cl-in the glass electrolytes [25].

Li*gl S.-
(Liz g9 Bag oos O14x Clyy ) e
D'cg, D cg Li+ Sg conduction band
unoccupied
D've, Dyg 0%, CIr Sg valence band
occupied

Figure 5. Two possibilities of electron transfer and orbital hybridisation in the theory of ¢°cn between Sg
and Li*gl. The inset arrows indicate the direction of the possible electron transfer at their interfaces. D’cs
and D’y correspond respectively to the density of states of the conduction and valence bands of Li*gl, and
Dcs and Dys correspond to the density of states of the conduction and valence bands of Ss.. One is from the
valence band of Sg to the Li*sp conduction band of Li*gl, and the other is from the O* and CI valence bands
of Li*gl to the conduction band of Sg. The first case is consistent with the Li deposition of the experimental
data of Braga et al. [2] and the (ECCe)n mechanism

In the preceding paper [7], the focus of the deliberations on ¢°cn. the charge neutral level and
electron transfer in the heterojunction between Sg” and Li*(sf) was directed towards the formation of
a dipole which induced a bias in the distribution of electrons within the adsorbed molecule from Sg
to the Li*sf side. However, the previous study did not encompass the mechanism of electron
transfer within the adsorbate Sg'Li*sf(ad) [7]. As shown here, the intramolecular tunnelling electron
transfer from the valence band of Sg” to the conduction band of Li*ss(ad) within the adsorbate Sg”
Li*n(ad) is fully compatible with the theorem of heterojunction physics ¢°cn and this (ECCe)n
mechanism. Therefore, the question raised in the E[(ECC)c]n mechanism obtained in the preceding
paper [7] can be answered by this (ECCe)n mechanism.

Since the band gap of Sg™ is 0.64 eV based on SOMO calculations [7], as a usual level, Sg is
considered to be a good electron conductor like carbon current collectors. Although in the preceding
paper [7], Ss” was treated as a metal-like material with a metal band structure, in this paper, Sg™ is
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treated strictly as a semiconductor. Since Li*gl is a typical insulator with high E’g [2], the application
of ¢%n. corresponds to the case of semiconductor-insulator interfaces. In this case, ¢°cn is given by
Equation (20) as follows [8,20-24]:

@#®cne = E've + E'g|tus-ca|*DcsD’ve/( | tve-ce | 2DcsD’ve + | tve-ca’ | 2DveD’ ca) (20)

where E’'vg, E'g, D’vs and D’cg are the level of the valence band top, the band gap, the valence band
density of states and the conduction band density of states of Li*gl, respectively; Dvg and Dcg are
the valence band density of states and the conduction band density of states of Sg’, respectively;
| tve-ce| is the transfer energy between valence band orbitals of Li*gl- and conduction band orbitals
of Sg7; |tvs-ce’| is the transfer energy between valence band orbitals of Sg” and conduction band
orbitals of Li*gl. The terms of |tve-cs|?DceD’ve and |tvs-ce’|2DveD’cs correspond to the effective
bonding strengths at the heterojunction interface [24]. Although Li*gl are amorphous structures,
their band structures are expressed in terms of ordinary terminology because there is no obstacle
in ¢°cnL analyses of these reaction mechanisms [7,8,26].

The theory ¢®cn. is built on an orbital hybridisation between the unoccupied and occupied states
of two materials at an interface [20-24]. In this theory, as shown in Figure 5, the charge transfer
between Sg” and Li*gl is realised by orbital hybridisation between their unoccupied and occupied
states. The electron transfer is confined to just interfaces between Sg  and Li*gl".

Equation (20) can be obtained by solving Ap = 0 of Equation (21) with the unknown parameter E;,
which was derived by applying the second-order perturbation theory of quantum mechanics [22,27].
Ap denotes the transfer charge from Sg™ to the insulator and is proportional to the right-hand side of
the equation. At Ap =0in Equation (21), the Ef corresponds to the Fermi level and the charge neutrality
level for Sg™ after contacting Li*sn and is identical to ¢°cn of Equation (20).

Ap < DysD’cs|tve-ce'|?/(E'ce- Ef) - DcaD’ve|tve-ca|?/(Es - E'vs) (21)
where E’'cg corresponds to the conduction band bottom for Li*ss of Li*gl™ in this study.

Assuming Dyg = Dcg and |tve-ce'|? = |tve-c|? in Equation (20), ¢°cn. is consistent with the
conventional charge neutrality level, gent, expressed in Equation (22) [28], and this gene is unable to
demonstrate the effects of orbital hybridisation, adsorption, or electron transfer between Sg” and
Li*(sn [20-24].

gone = E've + E'gD’ve/(D've+ D’cg) (22)

In order to evaluate those effects, the magnitude of the second term on the right-hand side of
Equation (20) is compared with Equation (22) to evaluate the difference in electron energy levels at
heterojunction interfaces with and without orbital hybridisation.

In this study, let Equation (20), which is ¢°cn, be transformed into Equation (23) as follows [8]:

#Cene=E've + E'gD've /(D've+ ¥ D'cs) (23)

where ¥'= (|tvsce'|?/|tve-cs|?)(Dvs/Dcs). In comparing Equation (23) and Equation (22), ¢®cn. <
den corresponds to > 1, and ¢®cne > done corresponds to ¥ < 1. Therefore, the size relationship
between dene and ¢Pene can be determined using ¥ Therefore, depending on whether ¥ is greater
than or less than 1, the difference in electron energy levels at heterojunction interfaces with and
without orbital hybridisation and electron transfer can be evaluated.

First, |tve-ce’'|?/|tve-ce|? in ¥is examined. From Figure 5 and the experimental result of the Li
deposition [2], the electron transfer based on ¢°cn. is from the valence band of Sg™ to the conduction
band of Li*sn(ad). Therefore, orbital hybridisation is strong between these bands, so that |tvs-cs’|?
> |tve-cs|?, i.e. |tve-ce’|?/|tve-ca|? > 1. With regard to the (Dvs/Dcs) of Ss’, Dvs and Dcg in ¥ are
considered almost equivalent on the basis of SOMO calculations. Considering these values of |tve-
e |?/|tve-ce|? > 1 and (Dve/Dcs) = 1, it can be concluded that ¥ is greater than one, ¥ > 1.
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Therefore, it can be concluded that ¢®cn. < dent, Which is equivalent to the result previously obtained
in the preceding paper [7].

Therefore, the electron energy level at the heterojunction interface with orbital hybridisation
and electron transfer is obviously lower than without them. It is therefore considered that this
finding indicates that when Sg” and Li*sf) are in contact in the cathode active mass during discharge,
the formation of adsorbed molecule Sg'Li*isn(ad) and the associated intramolecular tunnelling
electron transfer due to orbital hybridisation indicates more thermodynamically stable than when
no orbital hybridisation and no electron transfer occurs.

In this paper, Sg™ is treated directly as a semiconductor; nevertheless, the result of the ¢°cn. analysis
remains consistent with that obtained in the preceding paper [7]. As shown in Figure 5, this (ECCg)n
mechanism with the intramolecular tunnelling electron transfer from Sg to Li*sn(ad) within the
adsorbate Sgli*sn(ad) directly reflects the result of this ¢@°cn. analysis. Therefore, this (ECCe)n
mechanism is entirely congruent with the ¢°cni analysis in terms of both the adsorbate formation and
electron transfer processes. It is considered that if this result of the ¢°. analysis had been directly
reflected in the previous mechanism [7], the aforementioned question would not have arisen.

In the previous E[(ECC)c]n mechanism [7], the formation of the adsorbate Ss'Li*sr(ad) is also
compatible with the result of the ¢°cn. analysis. However, the electron transfer reaction to deposit
Li in the previous E[(ECC)c]n mechanism [7] is incompatible with the result of the ¢°n. analysis,
which was based on the fixed idea of the electron flow path from the Li anode to the cathode. Since
the electron energy level of the adsorbate Sg'Li*(sr(ad) is around that of the Sg” or Sg cathode potential
range, therefore the idea of this electron flow itself is rational. However, as mentioned in the
preceding paper [7], this electron flow of the E[(ECC)c]n mechanism could not rationally explain the
reduction limited only to Li*sn(ad) in the adsorbate Ss'Li*sr(ad). In other words, the E[(ECC)c]n
mechanism could not explain why Sg™ in the Sg'Li*(sn(ad) could escape its reduction by the Li anode.

Maximum Li deposition cycle

On the basis of the (ECCe)n mechanism, the discharge capacity of the Sg cathode is determined
by the Li deposition cycles. In the case of Li deposition cycle n = p, as shown in Equation (12), the
discharge capacity of the cathode reaches its maximum value. Therefore, the practical discharge
capacity can be assessed by the effective number of the p-value under practical battery conditions.
However, this p-value assessment is subject to a number of uncertainties; in fact, it depends on
various factors of the actual battery cathode active mass itself. Therefore, the estimation of the Li-
S discharge capacity for the cathode is evaluated taking into account several parameters that
simulate practical active mass conditions.

In order to estimate a maximum number of Li deposition cycles, n, which in this paperis n = p,
the critical radius of Sg™ in the preceding paper [7], was used to determine the effective number of
Li*sf for adsorption. The critical radius of Sg~ was calculated based on SOMO calculations, and the
effective number of Li*s that could come into contact with the surface of the Sg” sphere was
calculated by considering the Li* ion radius and pragmatic preparation conditions of the cathode
active mass [7].

In this paper, this p-value is evaluated using the unit crystal lattice size of Ss, which follows the
same methodology as for Na-Fc and Li-MnO; in the preceding paper [8]. Although Sg becomes Sg™ in
its coordinates by one-electron reduction, the size of Sg" shows a marginal increase in dimensions
relative to Ss. In this paper, both sizes of Ss and Ss™ are referred to as equivalent to each other. The
proximity distance of Li*sf), which can be in orbital contact and orbital hybridisation with Sg’, is set

https://doi.org/10.5599/jese.2707 15



https://doi.org/10.5599/jese.2707

J. Electrochem. Sci. Eng. 15(4) (2025) 2707 Intramolecular electron transfer of the Braga-Goodenough Li-S battery

to 200 pm. The number of Li*sn available for adsorption onto Sg™ in the cathode active mass is the p-
value itself, appearing in the (ECCe)n mechanism. As discussed in the previous section, the closest
distance of Li*sf) to Sg™ is considered to be ca. 200 pm. It is therefore necessary to examine the p-
value at this xo position in Figure 4. In this section, the p-value is to be evaluated by the following
steps 1-4 as follows:

1. From the size of the unit crystal lattice of Sg, consider a new size lattice with axes that are
extended by 200 pm each to the left, right, top and bottom of each axis of the unit crystal lattice
for a total of 400 pm larger for each axis.

2. Find the total surface area of the new lattice size. Find the ratio of this total surface area to the
area of the circle of radius r of Li*sf, expressed as (Sss/Sui+) for this (total surface area)/nr?.

3. Introduce a factor fs for the surface or volume factor, which is the fraction of the total surface
of this large new lattice that is occupied by Li*s), since the surface of the new lattice of Sg™ will
be in common contact with the solid glass electrolyte as well as with the carbon current
collector.

4. Introduce a factor fr for the porosity of the cathode active mass, where fp = [1- (porosity, % of
cathode active mass) / 100].

From 1-4 above, in this paper, the maximum p-value, pmax, is obtained from the following
Equation (24).

Pmax = fs fe (Sss/Sui+)/8 (24)

The crystal structure of a-sulphur Sg is of the orthorhombic type, and its lattice contains 16 of
Ss [29]. In Equation (24), therefore, (Sss/S.i+)/8 means that half of the Sg contained in the lattice is to
be used for the adsorption, since the Sg involved deep in the lattice cannot contact Li*s). Therefore,
this number of 8 cannot be considered as a fixed value and can be variable. In Equation (24), both fs
and fp can also be variables.

Figure 6 shows an image of the ab plane projection of the Sg orthorhombic crystal unit lattice
with Li*sf) and deposited Li. The axes of the Sg orthorhombic crystal unit lattice are a = 1046, b =
1287, ¢ = 2449 pm [29], and the axis angles are a = y= =90°. In Figure 6, Li*sf and Li total 33. Thus,
in this case, the p-value in Equation (1) is at most 33. Two of these are shown depositing as Li on
discharge. The first cycle of Li deposition corresponds to n = 1, and the second cycle corresponds to
n = 2. In Figure 6, since 31 Li*sn remains, when all of these are discharged, the number of cycles of
Li deposition reaches a maximum at 33.

On the basis of step 2 above, (Sss/Sui+) is calculated directly as [2x(1446x1687)+2x(1446x2849)+

+2x(1687x2849)]/59%r = 2078. The radius of Li*(s is replaced with 59 pm of Li*. Radius data on
Li* can be referred to elsewhere. In this paper, the values of fs and fr in Equation (24) are set to 1/3
and 0.5, respectively, as was previously employed in the preceding paper [7], and these values are
considered pragmatic. Therefore, the pmax in Equation (24) is (1/3)x0.5x2078/8 = 43. Thus, the
maximum number of Li deposition cycles under the above conditions in the (ECCg)n mechanism is
expected to be n = pmax = 43 as the utilization coefficient L of 4 = 1.

In the preceding paper [7], the maximum number of Li deposition cycles was 44. Despite the
divergent evaluation methods in this section and the preceding paper [7], the maximum number of
Li deposition cycles is considered equivalent. As described in the (ECCe)n mechanism section, this
Pmax is the key parameter to estimate the practical capability of the discharge capacity, taking into
account practical values from A< 1.

16 (ec)



M. Sakai J. Electrochem. Sci. Eng. 15(4) (2025) 2707

cyele! O 0O O O ____ O Q._,
(n=1) X I
O o =

| © 0 o ol |

| I

o | © ®

! O cycle 2 |

| o) (n=2) !

O: Xo O xo !

i O - o |

9 o ©

o |

a | [Xc’ :O

I © I © R © R o "0
b

-

@ Deposited Li, O Li‘w, | |Ss, Sg abplane,

:_ | Closest position of Li* ¢, from the ac and bc planes

Figure 6. An image of the ab plane projection of the Ss orthorhombic crystal unit lattice with Li*p and
deposited Li. Circles and filled circles correspond to adsorbable Li*s and deposited Li, respectively. Two filled
circles correspond to Li deposition cycles 1 (n = 1) and 2 (n = 2). The circle radii reflect those of 152 Li and 59 Li*
in comparison with the Ss unit lattice axes of 1046 a and 1286 b in pm. xo is 200 pm, which is the closest
distance of Li*sp to the unit lattice. The dashed line corresponds to the solid line extended 200 pm to the left
and right of the b axis and 200 pm above and below the a axis. Li*sp and Li tangent to the dashed line are on
the ac and bc planes. Other Li*sp and Li are projected on the anterior ab plane without the posterior ab plane

Table 3 summarizes the key points discussed in this section for each mechanism. Although A was
not directly employed in the previous E[(ECC)c]n mechanism [7], the evaluation of the maximum
number of Li deposition cycles, n, essentially connotes 4 =1 conditions. Therefore, A appears as 4 =
1 for the E[(ECC)c]n mechanism in Table 3.

Table 3. Maximum number of Li deposition cycles, n, and their evaluation methods with their parameters for
each mechanism

Maximum number

. . . Basic concept for each Parameters for each
Mechanism  of Li deposition P

. . Parameter values
evaluation method of n evaluation method of n

cycles, n
Sss/Si1it=2078
Number of Li*; contacts on  Sss/Su*, fs, fo, A and the Sg/f L= 1/3
(ECCe)n 43 the surface of the Sg unit number, N, of Sg fs -05
; lattice with 400 pm contactable with Li*s p/l_ 1
extended in each axis per Sg unit lattice 1N=1/8
Ssg/S1it =266
Number of Li*sn contacts on  Ssg’/Su* corresponding Ssj{ i 1/3
E[(ECC)c]n [7] 44 the surface of the sphere  to Sss/Si* for (ECCe)n, fs, fs - 0.5
with critical radius Sg° feand 4 pi__ 1
Discharge capacity
The discharge capacity can be expressed simply using Equation (25) as follows:
Q = A MmespF (C, C/kg) (25)
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where Ais the utilization coefficient 4 = Mett/ Mmes; Mett is the effective molality (mol/kg) of Ss or the
effective number of moles of Sg, and Mnes is the measured moles or measured molality of Sg at the
stage of preparation of the cathode active mass. The discharge capacity Q reaches its maximum
value of Qmaxat p = pmax in Equation (25). In practical batteries, 0 < A < 1, which mathematically
implies the limits of A = 0 and 1 [8]. Although the Li deposition cycles of n = 16 and n = 20 are
demonstrated in the (ECCeg)n mechanism section in relation to the discharge test data of Braga et
al., these n values are essentially only verified under the conditions specified for the limit of 4 = 1.
Therefore, the practical Li deposition cycles in their discharge test [2] are larger than n=16and n=
20 because 4 < 1. In the following, the p-value and A are analysed using the experimental Li-S
discharge data from Braga et al. [2].

Here the Ap value in Equation(25) can be determined experimentally because the Li-S discharge
test of Braga et al. was performed with the Mmes = 1.99 mg of Sg at 47 wt% in the cathode active
mass [2]. The theoretical capacity of the 1.99 mg =7.77 x mol of Sgis 1.50 Cor 0.416 mAh. Therefore,
the capacity of the 8 times 7.77 £ mol of Sgis 12.0 C or 3.33 mAh. Hence, Ap=16.0 is obtained from
Equation (25), taking into account Q = 12.0 C, Mimes = 7.77 £ mol and F = 96500 (C/mol).

In consideration of the finding that Ap = 16.0, in the case of pmax = 43 shown above, A becomes
0.37. Therefore, taking these conditions into account, A and p-values are considered to be
constrained to the ranges of values 0.37 < A< 1 and 16 < p < 43 under their Li-S discharge test
conditions [2]. Since Ap = 16.0, assuming A has plausible values of 0.5 and 0.7, the p-values are 32
and 23, respectively.

As is well known, A is one of the most important battery design parameters in practical batteries
and depends on various factors of the active mass preparation conditions, e.g. its porosity, particle
sizes of active materials of Sg and Li*gl", mesh number of carbon powder, wt % of each component,
active mass layer thickness, etc. In addition, A is also contingent upon a number of factors inherent
in the configuration of the battery, including a low or high rate of use of discharge or charge.

For this (ECCe)n mechanism to proceed, the orbitals of Li*s of Li*gl- must maintain contact with
those of Sg and Ss™. Practical particles of Sg prepared in the cathode active mass are present as
clusters of the Sg unit lattice, which means that Sg contained inside the clusters cannot participate
in contacting the orbitals of Li*p of Li*gl- powder in the cathode active mass. This influence, like the
size effect on A4, has already appeared in pmax in Equation (24). That is, in Equation (24), half the
number of Sg contained in the Sg unit crystal lattice is only taken into account for contact with Li*(s).

These cathode reaction mechanisms of the Braga-Goodenough batteries are divergent from
those of ordinary batteries. Therefore, in the preceding paper, for Na-Fc and Li-MnO; [8], A has been
analysed in principle, reflecting these mechanisms with the modelling of overlapping patterns and
shapes of the clusters of the unit lattices for Fc and MnQ,. On the basis of these analyses, 4 was
considered to have its upper levels in the order of 0.7 to 0.8.

When this Li-S reaches the battery preparation conditions for A = 0.7 and p-value = 43 of pmax,
Apmax becomes 30.1, which is 1.88 times Ap of 16 obtained experimentally above. Therefore, in this
case of Apmax = 30.1, the maximum discharge capacity of Qmax = 22.6 C in Equation (25) is expected
to be 1.88 times the Q = 12.0 C corresponding to the above experimental Ap = 16. However, under
Ap = 16 discharge conditions, the Li anode was already 90.1 % discharged and the capacity-
determining electrode of the Li-S [2]. Therefore, in order to achieve the above maximum discharge
corresponding to Apmax = 30.1, the Li anode must have sufficient capacity to provide the value of the
Apmax. This battery design condition, where the Li anode capacity balance is greater than the capacity
of its cathode, is absolutely peculiar compared to conventional alkali metal anode batteries.
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Consequently, although the maximum discharge capacity of the cathode is limited by pmax = 43 with
a specific 4, in the case of 4 =0.7, Qmax = 22.6 C for Apmax = 30.1 can be realistic when Braga et al.
used the much higher capacity Li anode than their Li-S in the discharge test [2].

In the preceding Li-S paper [7], 4 was not taken into account. Although A was not employed in
the E[(ECC)c]n mechanism [7], not only the maximum number of Li deposition cycles but also the
discharge capacity essentially connoted A = 1 conditions. Therefore, a direct comparison of the
mechanisms of this paper (ECCe)n and the preceding paper E[(ECC)c]n [7] cannot be made with
regard to the discharge capacity of the cathode using A.

Table 4 summarizes the key points discussed above for each mechanism. Although A was not
directly employed in the E[(ECC)c]n mechanism [7], the evaluations of not only the maximum
number of Li deposition cycles in the preceding section, but also the discharge capacity, essentially
connote A =1 conditions. Therefore, A appears as A = 1 for the E[(ECC)c]n mechanism in Table 4.

Table 4. Discharge capacity Q in each mechanism

Mechanism Q Qrmax Qmaxat 1=0.7 A
(ECCe)n 121p/162 (C)  12Apmax/16? (C) with pmax=43 12x0.7x43/16=22.6 (C) Variable
E[(ECC)c]n [7] Not generally applicable Constant, 1

aAs shown in the (ECCg)n mechanism section, the discharge capacity in the cell voltage range > 2.34 V is experimentally more than 8
times the theoretical Sg capacity [2]. As shown in the discharge capacity section, the experimentally determined Ap = 16.0 corresponds
to 12 C of 8 times the theoretical Sg capacity.

Conclusions

This paper has reviewed and revised the cathode reaction mechanism of the Braga-Goodenough
Li-S, which deposited Li in the cathode active mass and exhibited a discharge capacity exceeding the
theoretical capacity of the Ss cathode during discharge, and presents a revised new (ECCg)n
mechanism. This (ECCe)n repeats the Li deposition in the Cg step of the intramolecular tunnelling
electron transfer corresponding to the number of Li deposition cycles, n. In the previous E[(ECC)c]n
mechanism, an intrinsic question arose in the Li deposition step and was left unanswered. This
revised (ECCe)n mechanism has answered the question why electrons from the Li anode did not
choose the reduction path of Sg’, but only Li*sn(ad) in the adsorbate Sg'Li*sn(ad), taking into account
of the intramolecular tunnelling electron transfer.

The two mechanisms were basically identical up to the formation step of the adsorbate Sg
Li*sn(ad). From a heterojunction physics point of view, the result of the ¢°cn. analysis was consistent
with this adsorbate formation in both mechanisms. After this adsorbate formation, each mechanism
was separated into two different types of Li deposition steps. In this (ECCe)n mechanism, the
intramolecular tunnelling electron transfer from Sg™ to Li*sf(ad) to deposit Li occurs within the
adsorbate Sg'Li*sr(ad). This mechanism was also directly compatible with the diagnostic criteria of
the ¢@°cn analysis. Consequently, this (ECCe)n mechanism is entirely congruent with the ¢@°cn
analysis in terms of the adsorbate formation and electron transfer processes.

In the previous E[(ECC)c]n mechanism, it was assumed that the Li*sf(ad) in the adsorbate Ss’
Li*sn(ad) was directly reduced to Li by the Lianode, because the electron energy level of the Li*sf(ad)
of the adsorbate Sg'Li*sn(ad) was around that of the Sg™ or Sg cathode potential range. This electron
flow path is identical to that of a conventional battery discharge. However, this selection, which
followed this fixed concept, was incompatible with the ¢°n. analysis and therefore left the above
guestion unresolved.

https://doi.org/10.5599/jese.2707 19



https://doi.org/10.5599/jese.2707

J. Electrochem. Sci. Eng. 15(4) (2025) 2707 Intramolecular electron transfer of the Braga-Goodenough Li-S battery

This (ECCe)n mechanism demonstrates a different overall Li-S reaction equation from that derived
from the previous E[(ECC)c]n mechanism. This fact is of great importance not only from a reaction
mechanism point of view, but also from a practical battery design point of view, as the overall
reaction equation of a battery is one of the most important essential parameters for battery design.

In this (ECCe)n mechanism, a maximum number of cycles, n, of Li deposition corresponds to the
maximum discharge capacity and has been expressed in terms of a maximum p-value, pmax, Which is
the number of Li*sf) adsorbable on Sg'. In order to estimate this pmax, the closest distance of 200 pm
between Sg” and Li*(sf) was used, and the pmax was estimated to be 43 under several parameters with
the so-called utilisation coefficient 4 of 4 = 1 conditions. This pmax Was used to estimate the practical
capability of the discharge capacity, taking into account practical values from A< 1.

Ap could be obtained experimentally as the product of A and a p-value by referring the discharge
current data to the discharge capacity equation, and Ap = 16 was obtained. This Ap = 16 was greater
than 8 times the theoretical discharge capacity of Ss. Since pmax =43, in the case of 4 =0.7, Apmax=30.1
was obtained, which was 1.88 times Ap of 16 of the experimental discharge capacity. Since pmax = 43
and practical values of 4 > 0.5, it is expected that the Braga-Goodenough Li-S is to show superior
performance compared with that observed in the Braga et al. full discharge test.

Conflict of interest: This paper is free of conflict of interest.

Appendix

Charge neutrality level in heterojunction

The background and outlines regarding the terminology of ‘charge neutrality level’ are as fol-
lows [8]: The concept of the charge neutrality level appeared more than half a century ago [30,31],
but was only observed experimentally in 2000 [32,33]. The charge neutrality level can be regarded
as the effective Er on the semiconductor or insulator side relative to the Schottky barrier, and charge
transfer takes place to match the Er of the metal with the charge neutrality level of the semicon-
ductor or insulator at the interface [22].

The theory of the generalized charge neutrality level, ¢°cn, emerged around 2005 [20-24]. ¢Ccni in
a heterojunction is characterized by the energy and density of states of the bands of the materials on
either side and by orbital hybridisation at their interfaces [20-24]. On the other hand, the conventional
@en consists of the energy and density of states of the bands for a one-sided material [28]. gcne cannot
take into account the orbital hybridisation at the contact interface and the associated charge transfer.
In recent years, problems such as tunnelling leakage currents have arisen due to the increasing
integration of electronic devices into nano-devices, and high-k insulators have attracted attention as
a material to solve these problems. HfO;, a candidate for the high-k insulators, exhibited behaviour
that was difficult to resolve with the conventional understanding of heterojunction interfaces, and this
#°cn succeeded in clarifying this Schottky barrier behaviour [20-24]. ¢°cn. can be extended from the
metal/insulator Schottky barrier to the evaluation of semiconductor/insulator and semiconductor/
/semiconductor band discontinuities [20-24].
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