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with various elements can reportedly suppress the transformation and,
hence, the pyrolysis. It remains unclear which elemental substitutions
inhibit pyrolysis and by what mechanism, leading to costly material development that relies on empirical trial and error. In this study,
we developed several possible reaction models based on existing reports, estimated the enthalpy change associated with the reaction
by ab initio calculations, and identified promising elemental substitutions. The possible models were narrowed down by analyzing
the correlations of the predicted dependence of the reaction enthalpies on elemental substitutions, compared between different
reaction models. According to this model, substitution by P and Ta affords the highest enthalpy barrier between the initial (layered
rocksalt) and the final (cubic rocksalt) structures but promotes the initial transformation to spinel as a degradation. Substitution by
W instead generates the barrier to the final (preventing dangerous incidents) process, as well as for the initial degradation to spinel;
therefore, it is a promising strategy to suppress the predicted pyrolysis.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have become an indispensable
technology to achieve carbon neutrality: they offer longer
operational time for electronic devices, longer cruising distance
for electric vehicles, clean power storage, etc. The cathode
material is one of the primary LIB components that affects

electrolyte to produce carbon dioxide gas while generating
intense heat."”~"> Battery cells eventually undergo thermal
runaway, presenting the danger of ignition and explosion.
Therefore, to ensure safety, it is necessary to improve thermal
stability against pyrolysis.

According to previous experiments, the thermal decom-
position of LNO at the charged-up state is understood to be a

durability, capacity, safety, and price. There have been
cumulative efforts to improve its operating characteristics
since the LIB was first commercialized.'~"" In particular,
LiNiO,-based cathode materials (LNOs) have been inves-
tigated thoroughly because of their cost effectiveness as well as
the potentially better battery capacity compared to LiCoO,
(LCO)." For the same voltage, LNO can provide more Li
ions than LCO, leading to the higher battery capacity. Though
LNO has found applications in commercial products, thermal
instability in the charged state has been recognized as a
problem to be addressed. Higher amounts of Li being extracted
in the charged state result in a reduced lattice structural
stability, which leads to thermal instability.”> When LNO in
the charged state is subjected to high temperatures, a pyrolysis
reaction occurs, causing a phase transition with desorbing
oxygen gas.'”'®'” Desorbed oxygen gas reacts with the
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reaction process from a layered rocksalt structure to a spinel
structure and, finally, to a cubic rocksalt structure, with a
combination of cation mixing and oxygen desorption.'*™"
Suppression of any of these phase transitions is considered to
be efficient against the thermal decomposition. A number of
studies have revealed that atomic substitutions could suppress
the phase transition to improve the thermal instability. Atomic

substitutions by B,*° Na,*! Mg,22 AL”® K** Ti,>® Ga,”® Rb,”’
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Y,*® and Zr* are reported to be efficient in suppressing any of
the structural transitions, leading to improved mechanical
pro}?erties and structural stability. The substitutions by Ti,*
Y,*® Zr,>' Sb,”* and W™’ are reported to suppress the amount
of desorbed oxygen, via which the structural transition is
suppressed, resulting in structural stability of the charged-up
state. The stability was also analyzed using ab initio
calculations in a previous study,”* but there have been no
analyses on the atomic substitution effect so far.

Though knowledge to improve the thermal stability of LNO
by atomic substitutions is growing, it remains limited within
each individual element, not comprehensive over the elemental
trend. The current design for thermal stability still relies on
empirical trial and error of multiple species to be doped,
referring to each of these individual pieces of knowledge,
costing much in synthesis to find the best combination of
elements. It would be desirable to analyze and understand the
mechanism of each substituent element and have a
comprehensive view for the design.

To overcome this difficulty, we conducted an analysis to
quantify and compare the improvement in thermal stability by
elemental substitution by constructing several (possible reaction
model candidates based on existing reports.'®~"”

With comparisons of differential scanning calorimetry
(DSC) experiments, we narrowed down the candidates for
the reaction models. For the narrowed down possibilities, we
estimated and compared the reaction enthalpies to estimate
which elemental substitution is effective to suppress the
reaction for thermal decomposition. The thermal decom-
position process was analyzed by separating the initial
conversion to the spinel and final transformation to the
rocksalt. Each could correspond to the suppression against
degradation and the safety against thermal runaway. We
provided a computational prediction of elemental substitution
that would be desirable to deter each factor.

2. REACTION MODELS

Taking the pristine layered rocksalt structure, LiNiO, =
Li;;Ni;,0,,, its charged-up composition of the high-capacity
cathode material is modeled as Li,Ni;,O,, (corresponding to a
composition of 83.3% of Li extracted).

The substituting element M was assumed to replace one of
the 12 Ni sites, resulting in a solid solution Li,Ni;;MO,,
(substituting concentration is 8.3%). We considered 60
potential candidates for the substituting element M: the
elements from Mg to Bi, excluding groups 1, 16, 17, and 18.
For the resultant layered rocksalt structure Li,Ni;;MO,,, we
considered the pyrolysis reactions to the spinel and cubic
rocksalt structure (Figure 1 illustrates example struc-
tures).'*™"?

h&g—m (b) “’g& (c)

Figure 1. Example structures considered in reaction models: (a)
layered rocksalt structure Li,Ni;;MO,,, (b) spinel structure
LigNi;;MO,,, and (c) (cubic) rocksalt structure Li;;,Ni;;MO,,,
where M indicates a substituting element (see text). Structures were
drawn by VESTA.*

In the conventional low-capacity cathode material, the
sequence [layered rocksalt] — [spinel] — [rocksalt] is clearly
observed."” In contrast, high-capacity materials with a Ni
content of approximately 80% exhibit pyrolysis, quickly
decomposing via a two-phase segregation composed of spinel
and cubic rocksalt. In situ XRD experiments have reported that
the spinel single phase is maintained only in a very narrow
temperature range (AT ~ 10 °C)."” Accordingly, we
considered several candidate models for the reaction, including
the possibility of the path without spinel as metastable. These
multiple candidates were narrowed down according to the
method as described in Section 3.

We denote by LiNi,M,,O, the composition of the spinel and
rocksalt structures. The ratios of cations to the anion, (I + n +
m):k, for spinel and cubic rocksalt, are 3:4 and 1:1,
respectively. For the initial conversion, [Initial] —
[Intermediate(Spinel)], we considered two models: [(1;
Spinel/Free), (2; Spinel/Restricted)]. For the whole tran-
sition, [Initial] — [Final (Rocksalt)], we considered three
possibilities: [(3; Rocksalt/Free), (4; Rocksalt/Suppressed),
(5; Rocksalt/Restricted)].

The labels “Free”, “Suppressed”, and “Restricted” represent
the difference with respect to the change in the ratio In
(Li:Ni) by the reaction (termed as Li-Partitioning).

“Free” models allow Li-partitioning”* whereas “Restricted”
models do not."®™"? “Suppressed” corresponds to models with
lower Li-partitioning. Since the pyrolysis of LiNiO, occurs at a
relatively lower temperature, less than 250 °C,'®'” we did not
consider the possibility of partitioning for other elements; that
is, we assume that the ratio n:m is fixed.

2.1. Spinel/Free. For the initial conversion, [Initial] —
[Intermediate(Spinel)], it was reported in a theoretical study*
that the following process would be the stable path, allowing
Li-partitioning:

Li,Ni;;MO,, — gLiéNiUMO24 + gNi”MOls + gOZT
(1)

The first and second terms on the right-hand side are spinel
structures with (I + n + m):k = 3:4. Owing to Li-partitioning,
the first term gains more Li while the second term loses it,
forming a two-phase segregation. The third term denotes the
desorbed oxygen.

2.2. Spinel/Restricted. Several studies on the initial
conversion, [Initial] — [Intermediate(Spinel)], propose the
possibility that the reaction occurs prohibiting Li-partition-
ing."®™"? The process is modeled as

N 1 8
Li,Ni;, MO,, — Li,NigMO,4 + gNinMo16 + gozT
()

This model is an approximation that allows us to handle the
ab initio simulation with a tractable cost: the prohibition of Li-
partitioning leads to a fixed ratio of n:m = 11:1 (as in the left-
hand side and in the second term on the right-hand side);
however, the ratio n:m in the first term on the right-hand side
is 9:1, which we approximate as 11:1. Without such an
approximation, the requisite simulation cell gets too large and
makes the analysis intractable.

2.3. Rocksalt/Free. For the [Initial] — [Final (Rocksalt)],
a reaction model allowing the Li-partitioning is represented as

https://doi.org/10.1021/acsami.2c01607
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1 5
LipNi; MOy, — —Li;Ni MO, + =Nij; MO, + 50,1
®3)

where both the first and the second terms on the right-hand
side satisfy (I + n + m):k = 1:1, the cubic rocksalt structure.
Owing to the partitioning, the first term gains more Li while
the second term loses it, forming a two-phase segregation.
2.4. Rocksalt/Suppressed. Another reaction model for
the [Initial] — [Final (Rocksalt)], with Li-partitioning more
suppressed than in eq 3, is given as

1 2
LiNiy MOy, — —LigNi MOy5 + ZNi; MOy, + 50,1
4)

where both the first and the second terms on the right-hand
side realize (I + n + m):k = 1:1, the cubic rocksalt structure.
The first term represents the phase with increased Li, but its
concentration is lower than that of the first term in eq 3.
2.5. Rocksalt/Restricted. As a model for [Initial] —
[Final (Rocksalt)] with Li-partitioning prohibited, we adopt

Li,Ni,MO,, = Li,Ni;,MO,, + 50,1 ()

3. METHOD

For the candidates proposed above, we narrowed down the
possibility by comparing with experiments as explained below.
We excluded the “Restricted” processes (eqs 2 and S) from the
candidates.

We refer to the experimentally observed variation in Tpgc
dependent on the substituent M. Here, Tpgc denotes the
temperature at a peak of the DSC curve (experimental details
are given in the SI). Usually, Tpgc corresponds to the
temperature at which the pyrolysis reaction occurs. The
temperature, hence, scales with the difference

Tpsc ~ AH/AS (6)

where AH and AS, respectively, denote the change in enthalpy
and entropy before and after the reaction, as included in the
change in Gibbs energy. The dependence Tpg(M) with
respect to the substituents M is shown and listed in Figure 2
and Table 1, respectively. When we limit M to a mere 8%
substitution, it is reasonable to assume that the reaction path is
independent of M. In this case, AS would primarily be due to
the contribution of oxygen gas.”* This is expected to have
negligible M-dependence, leading to

120

— LiNig g,C00 060>

100 LiNig g2Al9.080
E oo — LiNig g2Mng 050,
3 — LiNiO,
o
E 60
O
8 40
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Temperature [°C]

Figure 2. Temperature dependence of differential scanning
calorimetry (DSC) curves. The temperature at a peak of the DSC
curve, Tpgc, corresponds approximately to the pyrolysis temperature.

Table 1. Dependence of Tpgc on the Substituent M as Given
in Figure 2

substituent M Tpsc
Ni 207.99
Mn 211.83
Co 215.82
Al 225.07
Tpsc(M) & AH(M) (7)

Assuming that the solid phases on the right-hand side of each
reaction model are all at phase segregation, we can estimate
AH(M) as the energy difference between the crystals
appearing on the left- and the right-hand side, which can be
computed by ab initio calculations. In this manner, we expect
that the trend of Tpgc(M) can be explained by AH(M) using
ab initio calculations. With a denoting the index for each
reaction model (Spinel/Free, Spinel/Restricted, ..), we
evaluate AHY(M) for each a. Then, from the set of
candidates, we eliminate a models that do not satisfactorily
explain the observed dependence Tpgc(M). Each ab initio
calculation to compute AH(M) involves tedious procedures to
obtain plausible structure models after the combinations of
geometrical optimizations applied to the lattice with atomic
substitutions under the consideration of spatial symmetric
operations. This process is detailed in the SI

Figure 3 shows the correlation between Tpgc(M) and
AH@(M). Each line corresponds to a reaction model indexed

2.0
—
>
o
~
>
()
—
—_~
©
()
(2]
®
0
~ ,D —@— Rocksalt/Free
L \ s =O= Spinel/Free
< -0.5 —&— Rocksalt/Suppressed
-~ Rocksalt/Restricted
o -} Spinel/Restricted

I | 1 I I I I I
2075 210.0 2125 2150 2175 2200 2225 225.0

DSC peak temperature [°C]

Figure 3. Correlation between Tpgc(M) and AH@ (M) evaluated for
reaction models, eqs 1-S5. AH(“?(Ni) is taken as the zero reference.
The four plot points in each line correspond to the choice of
substituents M (= Ni, Mn, Co, Al) as given in Figure 2 and Table 1.
Open (filled) symbols mean spinel (rocksalt) structure. Circle,

rectangular, and triangle symbols correspond to “Free”, “Restricted”,
and “Suppressed”, respectively.

as a, and the four plotted points correspond to the choice of
substituents M (= Ni, Mn, Co, Al) as given in Figure 2 and
Table 1. The plot shows that the model a = “Spinel/
Restricted” exhibits a poor correlation, which justifies its
rejection as a candidate. As per the literature that discusses
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Figure 4. Enthalpy change evaluated for the reaction model eq 2 (Spinel/Restricted), AHpinel/Restriced) (V) Because the reference zero for the
vertical axis is taken to be AH(SPel/Restriced)(Nfj) | the negative predictions, except for M = Si, Mg, and Al, mean that the pyrolysis temperature
decreases (i.e,, becomes worse against pyrolysis), which contradicts experimental reports.

phase stability using first-principles calculations, the Li-diluted
spinel phase (Li;Ni;;O,) is not an equilibrium phase.’* This
result indicates that a monotectoid reaction occurs under a
quasistatic process. Therefore, this contradiction between the
present experimental results and the Spinel/Restricted model
is because the Li-partitioning is sufficient in reality and quickly
forms the equilibrium phase, such as the (LiNi,O,) spinel
phase.

Furthermore, the predictions of the model @ = “Spinel/
Restricted” contradict experimental observations. Figure 4
shows the dependence, AHGpinel/ ReStriCted)(M). Because the
reference zero for the vertical axis is taken to be
AHpinel/Restricted) (N[j) - the negative predictions—except for
M = Si, Mg, and Al—mean that the pyrolysis temperature is
lowered (i.e., becomes worse against pyrolysis). This contra-
dicts experimental observations’®~> that report that the
substituents improve the property against pyrolysis.

4. RESULTS AND DISCUSSION

4.1. Choosing a Model for Predictions. According to
the analyses presented using Figures 3 and 4, we eliminate the
“Spinel/Restricted” model from the set of candidates. Among
the rest, “Spinel/Free” promotes Li-partitioning, and the
consequent reaction toward the rocksalt structure should also
promote partitioning. Therefore, we exclude “Rocksalt/
Restricted”, prohibiting the Li-partitioning.

Of the remaining possibilities corresponding to the rocksalt
structure, “Rocksalt/Free” (eq 3) and “Rocksalt/Suppressed”
(eq 4), it does not matter which model we adopt as long as we
focus on the M-substitution effect. We explain this in the
following discussion (Figure S).

We consider the M-substitution dependence of the pyrolysis
enthalpy change AH(M) for two different reaction models and
analyze the correlation between the predicted values. Figures 5
and 6 show the corresponding correlation plots. If considerable
correlations are obtained, then it can be said that the
prediction does not depend on the adopted model. Figure 5
compares the models “Rocksalt/Free”(eq 3) and “Rocksalt/
Suppressed”(eq 4) which show fairly high correlation,
indicating that the prediction of the M-substitution effect is
identical regardless of the adopted model. Therefore, as long as
we discuss the M-substitution effect, we can narrow down the

&

AH for Eq.(4) (Ni based) [eV/f.u.]

1
]
|

|
w
1

1
-2

|
2

|
4

AH for Eq.(3) (Ni based) [eV/f.u.]

Figure 5. Correlation between the M-substitution dependence of the
pyrolysis enthalpy change AH(M) predicted by two different reaction
models. Plotting points are shown by the name of elements wherein
blue (red) indicates that the element enhances (depresses) the
pyrolysis. The plot compares “Rocksalt/Free” (eq 3) and “Rocksalt/
Suppressed” (eq 4) models. The plot shows a fairly high correlation,
implying that the prediction of the M-substitution effect is identical
regardless of the adopted model.

model possibility as “Layered Rocksalt” — “Spinel/Free” (eq
1) — “Rocksalt/Free” (eq 3).

Once a reaction path to be considered is fixed as above
(“Free” model that allows Li-partitioning), the next question
concerns the enthalpy change. To capture the substitution
effect of M, should we adopt the enthalpy change of (a) the
most initial reaction process (to Spinel, eq 1) or that of (b) the
whole reaction process (to Rocksalt, eq 3)? Figure 6 shows the
correlation between the predictions of each model. The
correlation is weak, indicating that the prediction of the M-
substitution effect depends on the adopted model. The
elements that deviate significantly from the linear fitting
(dashed line) in the figure (P deviating to the left and Pr
deviating to the right) correspond to such M whose prediction
varies greatly depending on the model choice. Group a (eq 1),
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Figure 6. Correlation of the M-substitution dependence of the
pyrolysis enthalpy change AH(M) predicted by two different reaction
models. Plotting points are shown by the name of elements wherein
blue (red) indicates that the element enhances (depresses) the
pyrolysis. Fixing a reaction path to be considered as a “Free” model
which allows Li-partitioning, the plot considers the correlation
between the predictions based on the initial reaction process (to
Spinel, eq 1, horizontal) and the whole process (finally to Rocksalt, eq
3, vertical).

headed by M = Pr, is the type that greatly suppresses the initial
reaction (—Spinel), but once it is cleared, reaching the final
stage (—Rocksalt) is relatively easy. In contrast, the group
headed by M = P (group b) is of the type that easily clears the
initial reaction (— Spinel) but is well-suppressed in arriving to
the final (—Rocksalt), as schematically depicted in Figure 7.

(a) (b)
Spinel Rocksalt

>
o
©
s
c
o T
c g
2 Pr, Ba
9]
®©
]
x w

T—PTa

Reaction coordinate

Figure 7. Schematic representation of the results obtained in Figure 6.
The suppression of the pyrolysis can be decomposed into that against
the initial reaction (a) and that against the final transition (b). The
diagram is just a schematic, with no specific meaning ascribed to the
curvatures of the paths.

Next, we comment on the correspondence between the
results presented in Figure 6 and the experimental results in
the literature. Most of the effective elements presented in the
Introduction are predicted to be elements that inhibit the
transformation to the spinel or rocksalt, which is the qualitative
trend of the effect of elemental substitution that has been
reproduced.””>*~*”**733 However, it was observed that
elements such as Mg** and Y,”® which were reported to
stabilize the layered rocksalt, did not inhibit pyrolysis. The
feature of these elements is that they do not have factors that
reduce the stability of the post-transformation phases, such as

high valence or expansion of ionic radius. This suggests that
the evaluation of thermal stability should consider the post-
transformation phases and not only the stability of the layered
rocksalt.

4.2. Causes of the Difference in Predicted Trends. As
shown in Figure 7, different models (a and b) predict different
order for the preferred substituents. While the analysis using
the whole reaction model (eq 3) prefers M = P and Ta, they
are predicted to promote starting the initial reaction (eq 1)
which is a negative property. To suppress the onset of the
initial reaction, the choice M = Pr and Ba is preferred, but they
are worse in suppressing the final process compared to M = P,
Ta, and W. From the fundamentals of reaction theory, one
might think that it is sufficient to focus on the suppression of
the most initial reaction, eq 3, thereby eliminating M = P and
Ta as a bad choice. However, as explained in the first
paragraph in Section 2, the present targets (high-capacity
materials with Ni content around 80%) exhibit such behavior
not like a clear reaction order as “Spinel — Rocksalt”. As such,
we do not want to exclude M = P and Ta immediately, and we
retain them as candidates for suppressing pyrolysis.

Let us investigate the factor that brings about the difference
of the preferred M between eqs 1 and 3. Comparing the two
processes, we notice that the difference includes two factors,
namely, (i) different structures (spinel and rocksalt) and (ii)
different amounts of desorbed oxygen (S or 8/3 of O,). To
identify the factor that matters, we need a reference which
differs in only one factor while keeping the other factor
unchanged. With such a reference, we can prepare a model
keeping the same amount of the desorbed oxygen (50,) as in
eq 3 but with a different structure (spinel) as

1 2
Li;Ni; MOy, — —LigNiy MOV + TNijuMOL, Vo, + 50,1

(8)
where V indicates an oxygen vacancy. The reference reaction
toward spinel (compared to other models as shown in Figure
8) is accompanied by the vacancy sites emitting further oxygen

Amount of desorbed oxygen
Structure 8
3 0, 50,
Spinel Eq.(1) Eq.(8)
Fairly well
correlation
Rocksalt Eq.(3)

Poor correlation

Figure 8. Comparisons among different reaction models including the
reference eq 8. The figure summarizes the results of Figures 9 and 10,
namely, the poor (good) correlation for the difference in the amount
of desorbed oxygen (in the structures).

to achieve increased desorption the same as that toward
Rocksalt (eq 3; details of the structure, including oxygen defect
positions, are shown in the SI). This model is a hypothetical
model constructed to discuss the difference between the
Rocksalt/Free and Spinel/Free models in terms of their
predictive tendencies. As a result, the model is not based on
experimental results and may be energetically unstable.

By using the reference (eq 8), we can examine the
correlations (i) between eqs 8 and 3 for the structure
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difference (Figure 9) and (ii) between eqs 8 and 1 for the
difference in the amount of desorbed oxygen (Figure 10).
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Figure 9. Correlation between the M-substitution dependence of the
pyrolysis enthalpy change, AH(M), predicted by two different
reaction models. Plotted points are shown by the name of elements
wherein blue (red) indicates that the element enhances (depresses)
the pyrolysis. The correlation with the reference model eq 8 indicates
how the difference in the crystal structure affects the prediction of
preferred substituent M (worse, it matters more), as the two models
have the same amount of desorbed oxygen (see Figure 8).
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Figure 10. Correlation between the M-substitution dependence of the
pyrolysis enthalpy change AH(M) predicted by two different reaction
models. Plotted points are shown by the name of elements wherein
blue (red) indicates that the element enhances (depresses) the
pyrolysis. The correlation with the reference model eq 8 indicates how
the difference of the amount of desorbed oxygen matters in the
prediction of preferred substituent M (worse, it matters more),
because two models have the same crystal structure (see Figure 8).

Comparing the results in Figures 9 and 10, we observe that
Figure 10 gives a worse correlation, implying that the different
amount of desorbed oxygen matters more in the prediction of
the preferred choice of M. We can then speculate that the
different order of the preferred M in Figure 7, namely, (Pr, Ba)

> W > (P, Ta) for a, while (P, Ta) > W > (Pr, Ba) for b, is
mainly due to different amounts of desorbed oxygen between
egs 1 and 3 and is not due to the different structure (spinel or
rocksalt).

Further, we discuss the effect of elemental substitution on
the suppression of phase transformation. The transformation
to rocksalt tends to be suppressed in high-valence elements.
For the stability of the layered rocksalt, the effect on the e,
orbital, which is a hybrid orbital of Ni 3d and O 2p, can be
important. In Li,NiO,, the e, orbital changes from partially
occupied to unoccupied as x decreases. This means that the
contribution of the O 2p orbital in the valence band decreases,
and O in the layered rocksalt becomes unstable because its
contribution to O bonding is smaller.>® In other words, high-
valence elements are able to suppress O desorption because
the e, orbital can remain partially occupied. In terms of the
stability of the rocksalt structure, to maintain the charge
neutrality, O desorption becomes more difficult when high-
valence elements are in solid solution. Therefore, it is inferred
that the formation of the rocksalt structure is suppressed.

Transformation to the spinel structure tends to be
suppressed by elements with large ionic radii, such as
lanthanides and alkaline earth metals, rather than high-valence
elements. The difference in effective elements from the rocksalt
may be due to the fact that the valence of Ni is more variable
in the spinel because of the smaller amount of oxygen
desorption and the charge neutrality. Therefore, compared to
the transformation to rocksalt, local distortion due to the
difference in ionic radius with Ni is presumed to be more
influential than chemical bonding.

43. M to Be Adopted to Suppress Pyrolysis. The
practical interest eventually concerns the M to be adopted as
the substituent to suppress pyrolysis. Adopting M = P and Ta,
the prediction, Figure 7, indicates that the substituents
promote a spontaneous transformation to spinel. The choice
is obviously not desirable in terms of degradation of the
cathode material. From this viewpoint, the choice M = Pr and
Ba is predicted to be the best in suppressing the degradation as
it provides the highest reaction enthalpy AH toward the initial
transformation to spinel (see Figures 6 and 7). Adopting M =
W, the suppression against the degradation continues to work
with reduced AH, but the choice is superior in suppressing the
subsequent reaction toward rocksalt (causing dangerous
incidents, such as ignition) as compared to the choice M =
Pr and Ba. Since the most important motivation of this study
was the design to avoid the risk of ignition or explosion for
high-capacity batteries, the choice of M = W would be of great
importance. Again, the choice M = P and Ta shows the highest
suppression against the dangerous transition to the rocksalt,
but the spontaneous degradation toward the spinel structure
nevertheless implies that the choice is not desirable.

With regard to this investigation, we determined that W is
the key element to prevent thermal runaway. To this end, we
discuss the effect of W on capacity. In the literature, where the
effect on the charge—discharge profile was calculated from
first-principles, the voltage drops due to the addition of W
were comparable to that of Co."" This means that additional
thermal stability can be expected at the same capacity as that
with Co addition.

4.4, Further Development for the Prediction of
Thermal Stability. In this study, we investigated the effect
of element substitution on the thermal stability of cathode
materials by using reaction enthalpies for modeling. In this
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section, we discuss the factors that are not fully taken into
consideration, the effect of those approximations on the
predicted results, and the prospects for further development of
the model to simulate more complex cathode materials.

First, the ease of cation mixing and oxygen desorption
during pyrolysis is not explicitly considered. These are
expected to vary with the substituted elements. In the bulk,
these can be interpreted as elementary processes of the
reaction, and their combination is expected to define the
reaction barrier. In contrast, the influence of substitution
elements on the combined order of these two elementary
processes must be carefully considered. Therefore, it is
necessary to understand the mechanism of the effect of
elemental substitution, both experimentally and theoretically.

For further development, surface and interface effects must
also be considered. Since thermal decomposition is often the
starting point for reactions at particle surfaces and interfaces,
the thermal stability of cathode materials also depends on
surface modifications and coatings. Screening the influence of
solid-soluble elements on the reactivity of such surfaces
requires calculations in unit cells with an order of magnitude
of at least 100 atoms.

Differences in the solid solubility of added elements in LNO
also merit further study. Some elements tend to segregate on
surfaces and interfaces, which can greatly increase or decrease
the effectiveness of pyrolysis suppression. In contrast, since
cathode materials are generally synthesized under high
temperatures (600—800 °C), it is important to consider their
solid solubility at high temperatures as well. The development
of technology to perform such thermodynamic calculations for
unknown compositions in a simple manner will make it
possible to design compositions that include solid solubility.

Li/Ni cation mixing during synthesis also requires further
investigation. Cation mixing of Li/Ni or Li/M during synthesis
may lead to more thermodynamically unstable or more stable
initial structures. It is possible that elements will be discovered
for which cation mixing is the primary controlling factor and
for which the thermal stability can be significantly improved.
On the other hand, if cation mixing during synthesis is to be
considered, it is necessary to examine the Li/(Ni + M) ratio
under various conditions to determine which composition is
more stable. Although this is an interest for the future, a large
number of combinations of compositions and cation mixing
structures would be required. In addition, we should also
consider that the introduction of cation mixing may reduce the
amount of Li extracted, resulting in a significant decrease in
battery capacity.

5. CONCLUSION

We considered a design of cathode materials for high-capacity
LNO-based batteries that suppresses the pyrolysis reactions via
atomic substitutions. Ab initio simulations were performed to
investigate which substituent M realizes the higher enthalpy
barrier against pyrolysis. To evaluate the barrier using the
calculations, several reaction models were developed to
describe the pyrolysis processes, and the enthalpies of
formation were compared. The proposed candidate models
were narrowed down based on trend matching with
experimental data. We analyzed the correlation of the
predictability with respect to the M-substitution effect among
the remaining reaction models to identify the factors
controlling the choice of reaction model and the predictability.
As a result, we found that the difference in the amount of
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oxygen desorption in the models has a significant effect on the
predictability of the M-substitution effect. The choice with M
= P and Ta is predicted to achieve the highest enthalpy barrier
in reaching the eventual phase of the pyrolysis with the cubic
rocksalt structure, wherein large oxygen desorption leads to
dangerous incidents such as ignition or explosion. These
choices, however, are not appropriate from the point of view of
degradation of the cathode material, as they promote the
metamorphosis to the spinel structure as a degradation. M = Pr
and Ba was predicted to be a good choice to prevent the
degradation to the spinel structure but had a lower barrier to
rocksalt than M = P and Ta. M = W achieves suppression
against both the degradation toward the spinel structure as well
as the eventual transition to rocksalt, though the barriers are
slightly lower than the best value. The above observations on
M = P and Ta indicate that it is important to consider not only
the whole reaction barrier but also the initial reaction barrier to
achieve a proper substitution to suppress pyrolysis.
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