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Abstract

The migration of transition metal ions in the oxygen framework was recently
proposed to be responsible for the continuous loss of average working potential of
high energy density layered-layered composite cathodes for lithium-ion batteries. The
potential migration pathway in a model material, LiNipsMn;sO4 spinel, was
investigated using in situ high-energy X-ray diffraction and in situ neutron diffraction
during the solid state synthesis process. It was found that the migration of transition
metal ions among octahedral cites is possible by using tetrahedral vacancies as
intermediate sites. It was also suggested that the number of electrons in 3d orbitals has
significant impact on their mobility in the hosting oxygen framework.

Keywords: cation migration, lithium transition metal oxide, cathode, lithium-ion

battery
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Introduction

Lithium transition metal oxides are dominant cathode materials for lithium-ion batteries
that power the modern portable electronics, and as well as emerging hybrid electric
vehicles and electric vehicles.'” The research effort to understand the structural stability
and the mobility of cations in this class of materials has been dramatically boosted due to
their emerging application for the electrification of the transportation system.*'* In
lithium transition metal oxides, the oxygen atoms generally adopt a face centered cubic
(FCC) structure, forming the supporting framework to host lithium ions and transition

metal ions in its octahedral sites and/or tetrahedral sites.'”"” Different type of materials,

17-20 29, 30

ranging from rock salt structure, to spinel'®?'* and classical layered structure,
can be formed by filling vacancies with different ratio of cations with different filling
patterns. Layered LiMO,; crystallize in the a-NaFeO, structure can be viewed as “ordered
rock-salt” in which alternate layers of lithium ions and transition metal ions occupy in the
octahedral sites within the cubic close packed oxygen array, while in the case of spinel
cathode; lithium ions occupy in the tetrahedral 8a sites, transition metal ions occupy in
the octahedral /6d sites and the oxygen ions occupy the 32e sites arranged in an almost
cubic close-packed manner. It’s obvious that the essential difference between layered
cathode and spinel cathode is that lithium ions occupy in the octahedral sites and
tetrahedral sites, respectively. It should be also pointed out that the migration path in
layered and spinel cathode are also different, the transition metal ions may migrate to
lithium layer first and then migrate along the lithium layer, while no such lithium layer

exist in the spinel cathode. The common feature of this class of materials is that their

lithium ions are mobile in the oxygen framework while the transition metal ion has
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extremely low or no mobility in the framework, offering the desired reversible charge
storage mechanism for long-life and high energy-density lithium-ion batteries.

The recent development effort on layered-layered composite lithium transition metal
oxides as potential high energy-density cathode materials has brought the mobility of
transition metal ions into the spotted light.” * ?**® Among reported cathode materials,
layered-layered composite cathodes have been reported to have the highest initial energy
density when the materials are charged/discharged within a wide potential window, like
between 2.0 V and 4.6 V.>'*’ However, the major barrier for this class of materials is the

continuous loss of their average working potential during the normal operation,® '%'* %

4041 which phenomenon is also defined as the voltage fade. The loss of the average
working potential will not only lead to a substantial loss of effective energy density of the
battery, but also raise an unexpected challenge for the battery management system.
Recent intensive investigation on the structural stability of layered-layered composite
cathodes has led to a speculation that the migration of transition metal ions in the oxygen
framework is the fundamental cause of the voltage fade.'''*** However, the unresolved
issue for this hypothesis is the selective importance of the migration of transition metal
ions in layered-layered composite cathodes, although they share the same oxygen
framework with other type of layered materials which have no reported issue on voltage
fade." 2 ** Therefore, a clear understanding on the migration mechanism of transition
metal ions is critical to tackle the above challenge and to shed light on potential solution
for layered-layered composite cathodes.

Since layered-layered composite cathodes share the same oxygen framework with

other type of oxides, LiNiypsMn;sO4 was selected as the model material to simplify the
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investigation. In this work, both in situ high-energy X-ray diffraction (HEXRD) and in
situ neutron diffraction (ND) were deployed to trace the migration of transition metal
ions during the solid state synthesis of LiNiypsMn; sO4 spinel, and the mechanism of the

cation migration is also proposed.
Experimental

Preparation of Nig5Mny75CO3 precursor — Nip,sMng75CO3; precursor was prepared
through a co-precipitation process in a continuously stirred tank reactor according to the
previous reported work.* In a typical synthesis, a 2 M acid solution consist of NiSOy
(99.0%, Aldrich) and MnSO4 (=99.0%, Aldrich) (Ni: Mn =1:3 molar ratio), and a 2M
basic solution of Na,CO; (=99.5%, Aldrich) with 0.2 M NH4OH as a chelating agent
were prepared respectively. The co-precipitation temperature was set at 60 °C, and the
pH value was adjusted to 8.0. When the acidic and basic solutions were pumped to the
reactor, particles were immediately formed. The resulting Nip,sMng75CO3 powder was
then collected by washing with deionized water for several times, and dried inside a
vacuum oven at 120 °C for 12 hours.

In situ HEXRD — The as-prepared Nij,sMng75CO3 precursor was mixed with Li,COs3
with a molar ratio of 4:1 using a rotatory mixer. After mixing, the mixture was pressed
into pellets about 2 mm in thickness. The pellet was then placed vertically in a
programmable furnace with glass windows. The sample was heated up to 800 °C with a
heating rate of 1 °C min™". The in situ HEXRD experiment was carried out at the sector
11 of Advanced Photon Source (APS) of Argonne National Laboratory, the wavelength
of X-ray used was pre-set to 0.107805 A.** The high energy X-ray source was selected

for its excellent penetration capability to detect structural changes on bulk part of the
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sample. During the course of solid state synthesis, a high energy X-ray hit the sample
horizontally, and a 2D X-ray detector was used to collect the X-ray diffraction (XRD)
profiles using a transmission mode with a speed of one spectrum per minute.

In situ Neutron Diffraction — The in sifu neutron diffraction experiment was carried out
at VULCAN of Spallation Neutron Source of Oak Ridge National Laboratory.*” The
mixture of Nip,sMng75COs3 and Li,CO3 were pressed into 5-6 mm pellets, and the pellets
were stacked in a tube furnace for the in sifu neutron diffraction experiment. The furnace
was heated to specified temperature at a heating rate of 5 °C min’ and held the
temperature for 3 hours for the collection of neutron diffraction data. The data was
collected at 300, 400, 500, 600, 700, 800 and 900 °C, respectively.

Covariance analysis of in situ HEXRD data - The covariance analysis (see Equation 1)
was applied to calculate the mathematical similarity between two different XRD patterns
(r1 and r2), both of which are a series of X-ray intensity at different 20 values. When two
spectra are identical to each other, the covariance value of Equation 1 equals to 1; a

smaller number will be given when two spectra have some difference.

T r1(E)er2 (i)
JE LDy r2(0er2 (1)

CORR(v1,72) =

Equation 1
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Figure 1 HEXRD pattern of the starting material.
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MnCO3

Figure 1 shows the HEXRD pattern of the starting material, a mixture of

Nig25sMng 75CO3 and Li,CO3 with the molar ratio of 4:1. All the diffraction peaks can be

well assigned to Li,COs (C2/c, space group #15) with a=8.34455(9) A, b=4.96689(9) A

and ¢=6.19395(6) A and MnCOj3 (R3C, space group #167) with a=b=4.77343(1) A and

c=15.51028(5) A, presuming that HEXRD has limited contrast between Ni and Mn.
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Figure 2 (a) A contour plot of HEXRD patterns collected during the solid state synthesis,
(b) 2D and (c) 1D covariance analysis of adjunct HEXRD patterns.

Figure 2a shows a contour plot of in situ HEXRD patterns illustrating the structural
evolution of the material during the heating process from the room temperature to 800 °C
with a constant heating rate of 1 °C min™'. Figure 2a clearly shows that a major reaction
occurred at about 500 °C; the diffraction peaks from the starting material completely
disappeared and a set of new peaks for the final product emerged. In order to trace subtle
changes that are not visually clear in Figure 2a, 2D covariance analysis was carried out to
obtain a mathematical description on the change of HEXRD patterns as shown in Figure
2b. Note that a red color means a high covariance value of 1, meaning no change was
observed; while a blue color means a rapid change on HEXRD the pattern was observed.

The 2D covariance analysis suggests two major reactions occurred at about 400 °C and
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540 °C, indicated by the necking of the red spear-shape zone. For a clearer illustration,
the 1D covariance analysis of adjunct HEXRD patterns, in real time space, is plotted in
Figure 2c. In Figure 2c, three downward peaks at about 290 °C, 390 °C, and 540 °C

suggest that three different reactions occur at the specific temperatures.
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Figure 3 (a) HEXRD patterns collected at various temperatures and contour plot of
HEXRD patterns with a 26 region of (b) 2.0-2.4° and (c) 3.4-4.6° during the solid state
synthesis.

Figure 3a compares the HEXRD patterns collected at 27 °C, 290 °C, 390 °C and
540 °C respectively. The HEXRD pattern collected at 540 °C is substantially different
from those collected at lower temperatures, clearly suggesting the formation of a new
structure that will be later determined to be LiNipsMn;sO4. While the three patterns

collected at lower temperatures look very similar except that their peak intensity
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decreased with increase of the temperature. It’s a common sense that the lattice of
crystal will expand upon heating, and that all diffraction peaks will shift towards lower 26
values. In contrast, the major peaks of the starting material consistently move towards
higher 20 values with increasing the temperature (Figures 3b and 3c). Deng et al. has
previously shown that Nig,sMng75CO; started to decompose at about 200 °C from the
TGA analysis of NipsMng75COs, and a mixed oxide composed of two stable phases,
NiMnO; and Mn,O; was formed after completion of this process at about 600 °C as
indicated by equation 2.* In our case, when the heating temperature reached above 240
°C, the peak at about 2.175° that is assigned to NigpsMngy7sCO; and Li,CO; kept
decreasing the intensity and moving towards higher 26 values (Figure 3b and Figure S1a),

indicating that Mng 75Nig5CO3; was continuously decomposed noted that Li,CO; start to
decompose at about 500 °C, and a new phase assigned to be Mn,O; (R3C, space group

#167) was formed. Figure 3b shows that a small peak at about 2.18° that is assigned to be
MnO, (PDF#12-0141) appeared at about 420 °C (Figure S1b), which is ascribe to the
transformation from Mn,O3 to MnO, (Equation 3). When the temperature reached about
500 °C, the XRD peak of Mn,Os could be hardly seen (Figure S1b), and the intensity of
peaks for MnQO, started to decrease simultaneously owing to not more conversion of
Mn,03; to MnO, and gradual conversion of MnO, into other phase. Figure 3b and 3c
clearly shows the formation and consumption of a crystalline intermediate phase at about
450 °C and 500 °C, respectively (three small island at about 2.35°, 3.68° and 4.32°),
which can be well indexed as (104), (116) and (300) of NiMnO;s; (PDF#12-0269).
Actually, NiMnO; might form upon the decomposition of Niy,sMng75CO;3 at above 240

°C, however, the crystalline peaks of NiMnOj; emerged at a temperature as high as 450 °C,
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which might be due to the amorphous state of NiMnO; particles at relatively lower
temperatures. With the consumption of NiMnO3, LiNiy sMn; sO4 started to form as can be
seen in the Figure Slc (Equation 4). Therefore, the formation mechanism of
LiNipsMn; 504 from Li,CO3; and NigpsMny75CO3; could be concluded as follows
(Equation 2-4):
4Nij25Mng 75COs+ O, —> NiMnOs + Mn,0s3 + 4CO; (240°C-500°C)  Equation 2
2Mn,03 + O, — 4MnO; (420°C-500°C) Equation 3

Li,CO3 + 2MnO; + NiMnO3 — 2LiNigsMn; 504 + CO, (500°C) Equation 4
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Figure 4 Rietveld refinement for HEXRD data collected at (a) 600 °C and (b) 800 °C and

(c) the relative content of NiMnOs/LiNiysMn; sO4 as a function of the temperature.
Figure 2a shows that the final material emerged when the temperature was above 500

°C. Hence, Rietveld refinement was carried out to fit HEXRD profiles collected at

temperatures above 575 °C. Figures 4a and 4b shows two typical results of Rietveld
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refinement for data collected at 600 °C and 800 °C, respectively. Figure 4a shows two
model structures, NiMnO3 (PDF#12-0269) and disordered LiMn, 5sNigsO4 (Fd3m, space

group #227), were needed to fit the experimental data collected at 600 °C. The relative
content between NiMnOj; and LiMn; sNips04 as a function of experimental temperature
is shown in Figure 4c, which illustrates that the content of NiMnOj3 intermediate steadily
decreased with the heating process owing to the gradual conversion of NiMnO; to
LiNip sMn; 504, and almost no significant amount of NiMnOs was detected by HEXRD at
800 °C. However, no clear evidence of transition metal ion migration could be obtained
here due to the lack of contrast between Ni and Mn by HEXRD. Hence, in situ Neutron
diffraction was then carried out to investigate the possible migration mechanism of

transition metal ions.
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Figure 5 Neutron diffraction profiles collected at various temperatures during solid state

synthesis. The peaks marked by diamonds are ascribed to ordered LiNiysMn; 504 spinel.
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Figure 5 shows neutron diffraction profiles collected during the in situ solid state
synthesis of LiNigsMn; 5O, at various temperatures. The furnace was held at specific

temperatures for 3 hours to collect a complete neutron diffraction profile. Figure 5
shows that the disordered LiMn, sNigsO4 spinel (Fd3m, space group #227) was formed at

about 500 °C. This observation agreed well with the in situ HEXED experiment. When
the temperature was increased to 700 °C, a set of new peaks, labeled by diamonds in
Figure 5, were observed, and those peaks disappeared again when the temperature was
increased to 800 °C and above.*® Rietveld refinement analysis indicated that the extra
peak for the profile collected at 700 °C belonged to the ordered LiNigsMn; 5O, spinel
(P4332, space group #212). In the disordered spinel, Ni ions and Mn ions randomly
occupied 50% of octahedral sites in the FCC oxygen framework without forming a long
term ordering between Ni and Mn. On the other hand, in the ordered spinel, one Ni ion
pairs with three Mn ions to form a stable repeating unit in the FCC oxygen framework,
resulting in extra peaks in the neutron diffraction profile.*”** Figure 6 shows a good fit
towards the neutron diffraction data using a combination of an ordered spinel and a
disordered spinel. The fitting results reveal that the relative content of the ordered spinel
peaked at about 700 °C (Figure 7). Figure 7 also implies that the ordered spinel is
energetically more stable than the disordered spinel. The phase transformation from the
ordered spinel to the disordered spinel at high temperature (>700 °C) was primarily
driven by the entropy, which tends to maximize the randomness of the system. The
dominant presence of the disordered spinel at 500 °C and 600 °C can probably
originated from the random distribution of Ni and Mn in the co-precipitated precursor of

Nig25sMng 75CO3, presuming that the mobility of transition metal ions are very low at a

12
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relative low temperature. In other word, the migration of transition metal ions was only
enabled at a temperature around 700 °C to allow for the transformation of the metastable

disordered spinel into a stable ordered spinel at about 700 °C.
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Figure 6 Rietveld refinement of neutron diffraction profiles collected at (a) 500 °C and (b)

700 °C.
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Figure 7 Relative content of ordered/disordered LiNipsMn;sO4 as a function of the
temperature obtained from for neutron scatting profiles collected at various temperatures

during the solid state synthesis.

Discussion
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Figure 8 Schematics showing the migration pathway of transition metal ions between the

octahedra sites and tetrahedral sites.

The mobility of transition metal ions in the oxygen framework has been theoretically
predicted and experimentally confirmed during the charge/discharge of cycling of
layered-layered composite oxides at the room temperature.” '* * > However, it was
found here that the mobility of Ni and Mn was observed at a fairly high temperature
(>600 °C). This discrepancy might be originated from one or more of following factors:
(1) difference on the availability of adjunct vacancies for cations to migrate, (2)
difference in the size of cations; and (3) the difference of the spin state of cations.

First of all, the availability of adjunct vacancies shouldn’t be the dominant factor that
leads to the low mobility of transition metal ions in LiNigpsMn; sO4. In layered-layered
composite oxides, all octahedral sites are fully occupied by cations (about 50% by lithium
ions and about 50% by transition metal ions).”® Even when the layered-layered composite
oxides were charged to a very high potential to remove most of lithium, leading to
roughly 50% of octahedral vacancy in the oxygen framework. In LiNiysMn, 504, only
50% of octahedral sites are occupied by transition metal ions, and lithium ions occupy
25% of tetrahedral sites.”® In other word, LiNipsMn; 504 has more adjunct octahedral

vacancy for transition metal ions to migrate into. Therefore, the availability of adjunct

14
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vacancies is not the limiting factor. The possibility of being limited by the size of cations
can also be easily excluded because the size of Li" is bigger than most of transition metal
ions, °' but lithium ions can easily diffuse from one octahedral site to another octahedral
site of layered oxides at the room temperature.

Therefore, it is believed that the limiting factor for the mobility of transition metal
ions is their spin state, which determines their crystal field stabilization energy in the
oxygen framework (Figure S2).* Figure 8 schematically shows a pair of adjunct
octahedral sites of our interest; octahedral site shares edges with its nearest neighbors and
shares face with adjunct tetrahedral sites. The migration of cations among octahedral sites
is energetically preferred to take a two-step process, hopping into adjunct tetrahedral site
through the sharing face before hopping into another octahedral site.” In general, hopping
of a transition metal ion from an octahedral site into a tetrahedral site will lead to a
change on the degeneracy of its d orbitals, as well as a reduction on its crystal field
stabilization energy (CFSE). Thus, transition metal ions, like Mn*" (d*), Ni*" (d%), Ni**
(d") and Ni*" (d%), are energetically preferred to stay at octahedral sites with a limited
mobility owing to their high CFSE (Table S1). Therefore, there are no voltage fade
phenomena in the LiNio_5(2+)Mn1_5(4+)O4, LiNio.5(2+)Mn0.5(4+)Oz and
LiNi1/3(2+)C01/3(3+)Mn1/3(4+)02 cathode materials during electrochemical charge/discharge
cycle owing to the limited mobility of Ni*", Ni*", Ni*" and Mn*". Exceptions include
Mn?®" (d°), generated at a very low potential, and Co*" (d°), formed at a high potential,
both of which have a spherical electron distribution with a zero CFSE in both octahedral
sites and tetrahedral sites (Table S1).>*>* Hence, Mn®" and Co*" can have a higher

mobility in oxygen framework than other transition metal ions.
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Conclusion

Using LiNipsMn; 504 as a model material, it was confirmed that the migration of
transition metal ions in the oxygen framework is possible. It is suggested that the
mobility of transition metal ions in the oxygen framework is primarily determined by
their spin states. Due to their high crystal field stabilization energy in oxygen
framework, Mn*" (d*) and Ni*" (d*) are energetically preferred to stay in octahedral sites
and have a limited mobility in LiNipsMn; sO4. It is also predicted that Co*” (d°) and Mn*"

(d°) can have a higher mobility in the oxygen framework than other cations.
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Figure S2 Crystal field stabilization energy for octahedral and tetrahedral field.

Table S1 Configuration and Stabilization energy for transition metal ions in crystal fields

Octahedral Tetrahedral
Cation | Number of | Configuration | Stabilization | Configuration | stabilization
d electrons energy energy
Ni** 8 (t)’(eg)’ -12D, (o) (tae)" -3.56D,
Ni** 7 () (eg) -8D, (e0) (t2e)’ -5.34D,
Nit 6 () (e)’ -4D, (o) (t2e)’ -2.67D,
Mn*" 3 (t2)’(eg)" -12D, (ee)(t2g)" -3.56D,
Mn®* 5 (t2e)"(e)’ 0 (CORCHE 0
Co™ 5 (t2e)"(e)’ 0 (e0)’(t2)” 0
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In octahedral field, the energy gap (Aoct) is referred to as 10D, the crystal field splitting

energy. And the crystal field stabilization energy (CFSE) is the stability that results from
placing a transition metal ion in the crystal field generated by a set of ligands. In an
octahedral case, the t,, set becomes lower in energy than the orbitals in the barycenter. As
a result of this, if there are any electrons occupying these orbitals, the metal ion is more
stable in the ligand field relative to the barycenter by an amount known as the CFSE.
Conversely, the e, orbitals (in the octahedral case) are higher in energy than in the
barycenter, so putting electrons in these reduces the amount of CFSE. Therefore, the total
CFSE of transition metal ions equal to the sum of the d electron number in the t,, orbital
and e, orbital multiply by their energy. The case of tetrahedral filed is similar to the
octahedral fields except the impact of e, and t; on CFSE is reverse and the splitting
energy of tetrahedral fields is only 4/9 of the octahedral fields.

For example, Ni**, CFSE,=2x (6Dq) + 6x (-4Dq) = -12D,

CFSEery=4x1.78Dq + 4% (-2.67Dq) = -3.56D,
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