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ARTICLE INFO ABSTRACT

xLioMnO3-(1 —x)LiMO, (LLO)/spinel nanocomposites are of substantial interest as cathodes with high capacity
and enhanced conductivity. However, their electrochemical properties are significantly influenced by the
complex phase constitutions, and undesired by-products such as rock salt phase could not be efficiently avoided.
By ex-/in-situ XRD, we revealed the three phase transitions during the decomposition reaction of spinel phase,
namely, Li-rich spinel (Sy) to LLO (L), normal spinel (Sy) to rock salt (R) and rock salt to LLO. Density functional
theory calculations suggest that Li migrates from the 8a tetrahedral site to the interstitial 16¢c octahedral site as
oxygen is released from S;, and Sy, forming quasi-Li,MnO3 and quasi-rock salt crystals, respectively. The dynamic
priority of each reaction determined by experiments and calculations was utilized to design the LLO/spinel
composites, and a composite with more spinel phase (7.6%) demonstrated high capacity retention at high rates.
Our study sheds light on the mechanism of phase transitions among the spinel-layered-rock salt system and
reveal the thermodynamic and dynamic priority of each reaction, facilitating the rational design of LLO/spinel
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composites.

1. Introduction

Li-ion batteries, which currently dominate the market of portable
electronic equipment such as mobile phones and laptops, are facing a
bottleneck of limited energy density [1-3]. To overcome this restric-
tion, extensive investigations have been devoted on the development of
cathode materials with large capacity and high discharge voltage. The
composite xLioMnO3:(1 —x)LiMO,, has lately attracted much attention;
because of a promising energy density of ~ 900 Whkg™' [4-6].
However, it has been found out that xLi,MnOs:(1 —x)LiMO, suffers
from significant voltage decay upon cycling [7]. Thus,
0.5Li,MnO3:0.5LiMng sNig 50, (abbreviated as LLO) with the lowest
voltage decay during the cycling has been intensively explored [7].

LLO is usually synthesized by adding more Li (LiM = 1.5:1, M =
Mn, Ni) than that in traditional layered phases (Li:tM = 1:1, M = Mn,
Ni). The excessive Li occupies 2b octahedral site, forming LiMng su-
perstructure in transition metal layer [8,9]. This product, however, is
found to be quite sensitive to the synthetic conditions such as tem-
perature, oxygen partial pressure, and cooling rate, all of which would
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affect the formation of impurity phases [10-14]. According to Li-Mn-Ni
ternary phase diagram [15], LLO is located in a single-phase layered
region, and is close to the three-phase region (spinel, layered and rock
salt phases). Multiphase composites will be obtained when the ratio of
Li, Ni and Mn deviates from the stoichiometry of LLO (Li:Mn:Ni =
1.2:0.6:0.2).

The effects of complicated phase constitution within the Li-Mn-Ni
system seems to be twofold. Synthesis methods are often required to be
well tuned and controlled to circumvent the impurity phases and de-
fects [16,17]. However, the spinel phase can be intentionally in-
troduced to improve the electrochemical properties of LLO [18,19]. For
example, LLO synthesized with less Li results in the formation of mul-
tiphase products [20,21]. The spinel phase, which is considered as an
impurity phase in LLO, however, can improve the rate properties [22].
This result signifies that the complexity of phase constitution within Li-
Mn-Ni system should be beneficial, but only if the phase composition is
well controlled [23,24]. Substitution of Li*™ on the surface of LLO by
protons from HNO; [18,25], (NH,),HPO, [26] or TBAOH [27] can also
result in the formation of spinel/LLO composites with superior rate
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properties. Ionic doping is also found to influence the phase composi-
tions in the Li-Mn-Ni system. Ions, including F~ [28,29], B®* [30] and
P>* [31] can facilitate the formation of the spinel phase, yielding LLO/
spinel composites with improved rate properties.

In our previous work [32], “Li-rich spinel phase decomposition” was
investigated for the synthesis of LLO (L)/spinel (S) composites. Com-
pared with traditional methods such as surface coating, the phase
components could be controlled and the interfacial bonding of S and L
phase strengthened, resulting in enhanced cyclic and rate performance.
However, it was found that, in addition to the S to L phase transition,
the side-reaction in which the rock salt (R) phase formed will also affect
the cyclic and rate performance of the composites. In this work, a
systematic investigation of the possible reactions taking place during
the decomposition of the S phase has been carried out, and the phase
transitions in the S-L-R system (where S is both Li-rich spinel: S and
normal spinel: Sy) have been determined. Experimental investigations
and density functional theory (DFT) calculations have been combined
to understand the thermodynamics and kinetics of the reactions. This
information has then been used to control the phase transition. The L/S
composite demonstrated a relatively low discharge capacity but high
capacity retention at high rate when more S phase remained, while
more R phase leads to poor rate and cyclic properties.

2. Experimental section
2.1. Materials synthesis

The LLO/spinel composites were synthesized by a polyol method
according to the procedure reported in Ref. [32] The raw chemicals are
lithium acetate (LiAc2H,0), manganese acetate tetrahydrate (Mn
(Ac)>4H50) and nickel acetate tetrahydrate (Ni(Ac)y4H50). All che-
micals were purchased from Sigma-Aldrich without further purifica-
tion. In brief, LiAc:2H,0, Mn(Ac)54H,0 and Ni(Ac),4H,O were mixed
in 60 mL glycerol. The molar ratios of Li:Mn:Ni are 1.32:0.6:0.2, en-
suring that Li is 10% excessive for the stoichiometric ratio of LLO. The
solution was then stirred and heated to 170 °C with a ramping rate of
5 °C/min. After heated for 1 h, the solution was water cooled to room
temperature immediately, and then transferred into a glass culture dish.
The brown precipitates were collected by solvent evaporation at 125 °C
to obtain the precursor. The precursor was ground and then calcined
with a ramping rate of 3.5 °C/min, first maintained at 500 °C for 2 h,
and then at 700 °C for different durations to achieve the final products.
The products were collected and washed several times to remove any
residual reactants.

To control LLO/spinel composites with different phase contents, the
calcination was conducted at 700 °C for various times, the products
calcined for 6, 12 and 18 h are labelled as LT-6, LT-12 and LT-18, re-
spectively.

2.2. Materials characterization

The morphology of the products was characterized by scanning
electron microscope (SEM, JSM-7000). XRD characterizations were
performed on Rigaku D/max-IIIB X-ray diffraction (XRD), with a vol-
tage of 40 kV and a current of 40 mA, using Cu K, radiation (A =
0.15405 nm). X-ray photoelectron spectra were collected using Thermo
Fisher Scientific VG Ka Probe spectrometer.

High temperature in-situ XRD measurements were carried out on a
Rigaku D/max-IlIIB X-ray diffraction (XRD) with heating rate of 5°C/
min and scanning rate of 9°/min. The furnace chamber had continuous
air flow during the measurements. To avoid gas evolution during the
test, the precursor was first heated to 350 °C with a ramping rate of
5 °C/min and held for 20 min. The XRD data were collected every 20 °C
over temperature range of 350-820 °C.
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2.3. Electrochemical measurements

The cathodes for electrochemistry measurements were made by
mixing 75% active materials with 15% super P in N-methyl-2 pyrroli-
done (NMP), 10% poly(vinylidene fluoride) (PVDF) was then added
into the mixture after 30 min grinding. The slurry was then ground for
another 30 min until spread onto Al foil. The foil was heated at 60 °C
overnight and then punched into square pieces, the typical cathode
loading was 2.0-4.0 mg cm ~ 2. The punched electrodes were heated in a
vacuum oven at 110 °C for 10 h before transferred into glovebox. All the
electrodes were assembled into CR2016 coin-type cells. Li foils were
used as counter electrodes and Celgard 2400 membrane as separator.
The electrolyte was purchased from BASF, which is composed of 1 M
LiPF¢ solution in ethylene carbonate (EC)/dimethyl carbonate (DMC)
mixture solution (1:1 by volume). The galvanostatic charge/discharge
cycle tests with voltage range from 2.0 to 4.8 V. were carried out with
Land CT2001A battery test systems (LAND Wuhan Corp., China). The
cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements were carried out on an electrochemical work-
station (CHI 660 C, Shanghai Chenhua Instrument Corp., China). The
scan rate of CV test was 0.05 mV/s, and the EIS was carried out with AC
voltage of 5 mV over the frequency range of 0.01 Hz to 100 kHz.

2.4. Computation methods

All calculations were performed using the Vienna ab initio simula-
tion package [33] within projector augmented wave (PAW) framework
[34]. The functional for electron exchange and correlation was chosen
as GGA with a Hubbard U correction following the rotationally in-
variant form [35]. The effective U values for the d-states of Ni and Mn
were set to 6.0 and 3.9 eV based on literature values, respectively
[36-40]. Valence electrons were described by a plane wave basis set
with an energy cutoff of 520 eV. A Monkhorst-Pack k-point mesh of
4 x4 x4 was used to sample the Brillouin zone. The superstructure was
constructed of 56 atoms containing eight cubic spinel lattice of Li-
NipsMn; sO4 units, using an initial configuration from the Materials
Project database [39]. All structures were fully relaxed until the force
on each atom was less than 0.01 eV/A.

The structure of disordered LiNiysMn; 04 phase (space group:
Fd3m) with uniform Ni/Mn distribution was taken from calculations by
Shiiba [40] and Lee [41]. The Li-rich spinel structure was obtained by
replacing M (Mn/Ni) with Li in one unit cell, corresponding to
Li; 125M;.87504. All M sites were examined to find the lowest energy
configuration. The substitutional formation energy, E*, was calculated
by,

EF = E(LijyxM;_O4) + xXE(M) — E (LiNigsMny 504) — XE(Li) 1)
where E (Liy 1 M,_, O,) is the total energy of the Li-rich spinel structure,
E(M) is the energy of substituted transition metal (Mn or Ni), E(Li-
Nigp sMn; 504) is the total energy of the Fd3m LiNigsMn; 504, E(Li) is
the energy of Li, and x is the amount of excess Li.

Oxygen vacancies were created in both the Li-rich spinel structure
and the conventional disordered Fd3m LiNigsMn; 50,4 structure. To
simplify the calculations, one oxygen vacancy was created in the unit
cell, corresponding to a vacancy concentration of 3.125 at%. All 32 of
the oxygen sites were examined to find the lowest energy configuration.
The oxygen vacancy formation energy E was calculated according to
EFf = E(Li1+x’M2—x’O4—5) + 8/2E(0,) — E(Li1+x’M2—x'O4) 2)
where § is the concentration of oxygen vacancies, E (Li 1y M, Oy4_s) is
the total energy of the structure with the oxygen vacancy, E(O,) is the
energy of the O, molecule, E (Lij.»M,_,'Oy) is the total energy of the
structure without oxygen vacancies. An energy correction for the O,
molecules was employed as described by Wang et al. [42]
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3. Results and discussion
3.1. Phase evolution by in/ex-situ XRD studies

In-situ XRD measurements along with Rietveld refinements are al-
ways used as the most effective method to explore continuous phase
transition process [12,15]. Thus, the in-situ XRD patterns (Fig. 1) of
products obtained by polyol method were recorded over a temperature
range of 350-820 °C, aiming to exam the phase transition during the
heating treatment. Fig. 1a presented the in-situ XRD patterns obtained
at 500, 600, 700 and 800 °C, respectively; demonstrating the coex-
istence of three phases: S, L and R. The magnified regions between
18-20°, 35-37°, 43-45° and 62-66° are shown in Fig. S1+. The relative
diffraction intensities corresponding to the L and R phases increases
with temperature, indicating the increased amounts of L and R phases
in the composites. Some shoulder peaks appeared when the material
was calcined at temperatures above 700 °C (Fig. S17), which is possibly
caused by the formation of Ni-rich or Mn-rich phases within the LLO
particles [15]. The overall in-situ patterns were presented as contour
lines to insure the readability (Fig. 1b).

As previously reported [32], decomposition of the S phase has two
pathways: Sy to the L phase and Sy to the R phase (Egs. (3) and (4)). The
relative peak intensities of the S and L phases, S and R phases should be
indicative of these phase transitions. Fig. 1c¢ shows the peaks located in
the 18-20° and 35-37.5° regions where the diffraction peaks of the S
and L phases split [22,43]. The peak in the 18-20° range shifts to a
lower angle when calcined at temperatures above 550 °C, presenting an
increased amount of the L phase from above 550 °C during the in-situ
heating process. With further increasing temperatures, the S phase
continues decomposing into the L phase, and both the peaks located in
18-20° and 35-37.5° split at temperatures above 670 °C. The R phase is
identified by the split shoulder peaks located at 43-45° [15,44]. Fig. 1c
reveals that the shoulder peaks at 43.5° emerges when heated above
700 °C, and the increased intensity at high temperature indicates the
formation of the R phase. Both the phase transitions from S;, to L (Eq.
(3)) and Sy to R (Eq. (4)) would take place at temperature above 500 °C,
though the precise phase transition temperature of each reaction could
not be identified.
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Li1+x1 Nixz an—x1—xz 04 + N [yzLiZMnOS'(l_yZ)LiNiO45Mn0.SOZ]
< (1-2)Lij 1 NiggMny ;04 + ¥/ [y, Li,MnOs

(1 = y4)LiNigsMngs0,] + 2/20, 3

where x' = (x—2)/(1-z), % = %/(1-2), ){ =y, +z and y; = (2 + y,)/O, + 2)

LiNigsMny 5O, < aLiNiy_,O + BLiNigs_,Mnys,,0, + y0, )

It is worth mentioning that the phase constitution during the in-situ
test is different from that in our previous work [32] when calcined at
the same temperatures. To determine the influence of calcination time,
ex-situ XRD measurements with short calcination duration (5 min) were
carried out at temperatures ranging from 500 to 800 °C. The samples
were calcined at given temperatures for 5 min and cooled at 2.5 °C/
min. Fig. S21 compares all the in-situ (obtained at high temperature
without continuous calcination) and ex-situ XRD (obtained at room
temperature and heated for 5 min: Ex-5m and 12 h: Ex-12h, respec-
tively) patterns of samples calcinated at 500-800 °C. The relative peak
intensity of the S and L phases changed little at temperatures below
600 °C with varied heating duration, but for the samples calcined at
700 °C, a prolonged heating time reduced the content of the S phase.
The pattern of Ex-5 m sample obtained at 800 °C consists only of L. and
R phases, indicating that the S phase decomposed completely (Fig.
S2d7). In contrast, in the Ex-12 h sample obtained at 800 °C, the S phase
reappeared, possibly due to the loss of Li through volatilization [10].
The effect of Li volatilization is neglectable for samples with short
calcination durations but might be evident if the calcination duration at
800 °C is as long as 12 h. Thus, the S to L phase transition takes the
longest time at 700 °C and reacts completely at 800 °C.

The formation of the R phase is complicated. The corresponding
diffraction peaks could not be detected until heated to 700 °C during
the in-situ test. However, they are found in the pattern of Ex-5m sample
at low temperatures (< 600 °C) but disappeared again in the pattern of
Ex-12h samples at the same temperature. Such results suggest that the R
phase could also be leached out from the S phase when the calcination
temperature is below 600 °C. However, prolongation the calcination
duration to 12 h might lead to another phase transition from the R to S
or L phase. According to the phase diagram of Li-Mn-Ni system [15],
the R phase can transform into the L phase with increased Li content.
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Fig. 2. Intermediates and transition states of two reaction paths from S to quasi-Li;MnO3 and quasi-rock salt crystal. Path A: formation of quasi-Li;MnOj crystal in Li-rich spinel phase;
Path B: formation of quasi-rock salt crystal and quasi-Li,MnOs3 crystal in normal LiNiy sMn; 50,. States: (a) Normal LiNip sMn; 50,4 (space group: Fd3m); (b) Li-rich Li; 4 41 NiyoMny 41 4004;
(c) Li-rich Lij 4 x1NixoMnax1.x204.5 With oxygen vacancy; (d) Li-rich Li; 4 x1NixoMns y1.x204.5 With quasi-Li,MnOj crystal; (e) quasi-Li;MnOj crystal; (f) LiNigsMn; s04.5 with oxygen
vacancy; (g) LiNig sMn; 5045 with quasi-rock salt crystal; (h) LiNip sMn; 5045 with quasi-Li;MnOj crystal; (i) quasi-rock salt crystal. Noted that some of these transition states could not

been stable in normal condition.

Thus, given the excess Li in the precursor, the R phase which leached
from the S phase would likely transform into the L phase given suffi-
cient reaction time. The decreased content of the R phase in the Ex-5m
and Ex-12h samples obtained at 700 and 800 °C also indicates the phase
transition from the R to L phase.

3.2. DFT calculations and structure evolution mechanism

For better understanding of the phase evolution, DFT calculations
were performed to investigate the structure evolution in the S; and Sy
phases (space group: Fd3m). According to Egs. (3) and (4), both phase
transitions involve oxygen evolution, suggesting the formation of
oxygen vacancies in the Sy and Sy crystals during the phase transitions.
Oxygen vacancies have been found to promote the migration of cations
and lead to phase transition in LLO [45]. In this work, the essence of
such phase transitions may be associated with cation migration in the Sy
and Sy phases.

The excess Li in the S; phase has been considered to substitute
transition metals [46-49], so the Sy structure was constructed by re-
placing M (Mn, Ni) with Li, corresponding to the stoichiometry
Li; 105M;.87504. The configuration with the lowest energy is obtained
when one Ni located in a 16d octahedral site is replaced by Li (Fig. 2b),
corresponding to the stoichiometry Li; 155Nig.325Mnj 504. An oxygen
vacancy is created on both Sy and Sy, resulting in a vacancy con-
centration of 3.125 at%. As shown in Fig. 2¢, the oxygen vacancy is
formed near the excess Li in the Sy, crystal, and the oxygen vacancy in Sy
(Fig. 2f) is formed on oxygen sites which coordinated with 1 Li, 1 Ni
and 2 Mn ions. Note that in both the S} and Sy structures, the oxygen
vacancy would break the nearby tetrahedral ligand of coordinated Li
located in the 8a site. Therefore, these Li ions appears to be able to
migrate to nearby interstices. As mentioned by Thackeray [47], the S
phase could transfer into a layered structure when the interstitial 16¢
octahedral sites in the transition metal layer are occupied by Li. For the
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Sy structure considered here, the migration of Li from an 8a tetrahedral
site to an interstitial 16¢ octahedral site in the transition metal layer
result in the formation of a quasi-Li,MnOj; crystal, as shown in Fig. 2d.
The local version of the quasi-Li,MnOs3 crystal is shown in Fig. 2e,
where one layer is composed of Li, Mn, Ni octahedral ligands and the
other one composed of Li octahedral ligand. It has been suggested that
this kind of quasi layer crystal would lead to further oxygen re-
arrangement to accommodate the extra lithium [47]. Therefore, the
quasi-Li,MnOj3 crystal would possibly transform into the L phase with
excessive Li (Fig. S31). However, for the Sy phase, the structure in
which Li migrated from an 8a tetrahedral site to an octahedral site
(Fig. 2g) is more likely to form a quasi-rock salt crystal. In the quasi-
rock salt crystal (Fig. 2i), Li, Mn and Ni are arranged in octahedral sites
in the transition metal layer, while Ni is arranged in the octahedral site
of Li layer. As demonstrated in Fig. 2h, such quasi-rock salt crystal
could transform into quasi-Li,MnOj crystal if additional Li were to re-
place Ni in the octahedral 16d site of the Li layer.

Fig. 3 shows the free energy change for each step along path A and B
schematically depicted in Fig. 2. The energy change was calculated
following equations analogous to Egs. (1) and (2). The formation en-
ergy of an oxygen vacancy in the Sy structure (1.85 eV) is lower than
that in Sy (2.39 eV), indicating that oxygen vacancy formation is more
likely in the Sy structure. The formation energy of quasi-Li,MnO;
crystal is 0.2 eV in the Sy, structure (Fig. 3a), corresponding to 3.64 meV
per atom. This value is much smaller than the thermal energy at 300 K
(75 meV per atom) [40], suggesting this structural evolution is ther-
modynamically favorable at room temperature. As shown in Fig. 3b, the
formation energy of the quasi-rock salt crystal is 0.31 eV, corresponding
to 5.6 meV per atom. Therefore, both of these two structural evolutions
are thermodynamically favorable, and the formation of the quasi-
Li>MnOj crystal in the S; phase is favored thermodynamically. The
energy difference of the structural evolution from the quasi-rock salt to
quasi-Li,MnOj crystal in Fig. 3b is —4.61 eV, indicating that this phase
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Fig. 3. Calculated free energy diagrams of the following reactions. (a) normal spinel—Li-rich spinel—Li-rich spinel with oxygen vacancy—quasi-Li,MnO3 crystal; (b) normal spinel—
spinel with oxygen vacancy—quasi-rock salt crystal=quasi-Li,MnOj3 crystal, and the minimum energy pathways of Li migration from a tetrahedral 8a site to an interstitial octahedral 16¢
sites in (c) Li-rich spinel structure with oxygen vacancy; (d) normal spinel structure with oxygen vacancy.

transition is also thermodynamically favored. The migration barriers of
Li from an 8a tetrahedral site to an 16¢ octahedral site in both S; and Sy
structure were shown in Fig. 3c and d, respectively. The Li diffusion
barrier is 0.275 eV for the S, structure and 0.367 eV for the Sy struc-
ture, indicating that the formation of quasi-Li,MnOs3 crystal in Sp
structure is more likely than the formation of quasi-rock salt crystal in
S structure. These calculations indicate that both structural evolutions
could take place reversibly, which is in accordance with Egs. (1) and
(2). However, as illustrated in Gao's research [46], the reversibility is
associated with the content of excessive Li; as a consequence, the Sy
would transform into the L structure irreversibly when Li is in excess.

The phase transition from S;, to L and Sy to R is depicted as follows:
(1) the formation of an oxygen vacancy; (2) the migration of Li near the
oxygen vacancy from an 8a tetrahedral site to an interstitial 16¢ octa-
hedral site, forming a quasi-Li>MnOj3 crystal and quasi-rock salt crystal
in Sy, and Sy, respectively; and (3) oxygen ion rearrangement to ac-
commodate excess lithium ions. The phase transition from R to L is
initiated by the substitution of Ni by additional Li.

A schematic diagram of the entire phase transition (Scheme 1) can be
summarized based on our experimental and theoretical study. Based on
our DFT calculations, both the formation energies of oxygen vacancies and
the quasi-Li,MnO3 crystal in the Sy, structure is favorable as compared to
the formation of oxygen vacancies and the quasi-rock salt crystal in the Sy
structure. Therefore, the formation of the quasi-Li,MnOj crystal in the S,
phase is thermodynamically favorable over the formation of the quasi-rock
salt crystal in Sy. The low formation energy (—4.61 eV) of the quasi-
Li,MnOs crystal from quasi-rock salt crystal suggests that this reaction has
the highest driving force, if excess Li is present.
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Rock salt
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(Reaction time)

Scheme 1. Schematic diagram of the thermodynamic and dynamic kinetic driving force
for the phase transitions. From Li-rich spinel phase to LLO, normal spinel phase to rock
salt phase and rock salt phase to LLO.

The dynamic of each reaction was compared from the XRD patterns at
low temperatures (< 600 °C). As the L phase did not change much in the
patterns of in-situ, Ex-5m and Ex-12h samples, the phase transition from Sy,
to L phase appear to be almost finished immediately at target tempera-
tures. In comparison, the R phase appeared only in Ex-5m patterns at low
temperatures (< 600 °C), suggesting that the reaction requires more time
for completion at these temperatures. So, the S;, to L phase transition is
kinetically favored over the phase transition from the Sy to the R phase, in
agreement with the calculations. Note that the reaction kinetics of the
phase transition from R to L phase is dependent on the content of excess Li.
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Fig. 4. Powder XRD patterns (black lines) and a Rietveld fit (red plus sign) for products calcined at 700 °C in air over different time durations. (a) 6 h; (b) 12h and (c) 18 h. The
refinement was carried out using the monoclinic C2/m space group (dark cyan vertical tick marks), rhombohedral R3m space group (pink vertical tick marks), spinel Fd3m space group
(purple vertical tick marks) and rock salt Fm3m space group (wine vertical tick marks); the blue line is the difference between the observed and calculated patterns. (d) Rietveld
refinement content of the spinel phase in the products calcined at different temperatures in air for 12 h. The crystal structures of LiNi,Mn, 404 and Li,Ni; _4O are shown as insets in (d).

3.3. Design of a LLO/spinel nanocomposite by accommodating the phase
transition

3.3.1. Morphology and crystal structure

The morphologies of samples calcined at 700 °C for 6 h (LT-6), 12h
(LT-12)and 18 h (LT-18) are shown in Fig. S4f. Both the particle size
and the polyhedral characteristic have no prominent change, suggesting
the duration time at 700 °C had little influence on the morphology. The
tap densities of LT-6, LT-12 and LT-18 are 1.63 gcm ™3, 1.68 gcm ™3
and 1.59 g cm ~ > respectively.

The XRD patterns and Rietveld refinements of LT-6, LT-12 and LT-
18 are shown in Fig. 4a-c. As described previously, the three phases that
could have formed during the calcination process are: the L phase with
the combined pattern of monoclinic cell (C2/m Li;MnO3) and rhom-
bohedral cell (R3m LiNiy sMng 50,) [45], the S phase with the pattern of
cubic cell (FdBm LiNiyMn,_,0,4) and the R phase with the pattern of
cubic cell (Fm3m LigNi; _,0). From our preliminary analysis of the XRD
pattern, the phase compositions in LT-6 and LT-12 were assumed to be a
mixture of L and S, while the phase composition in LT-18 was assumed
to be a mixture of L, S and R. Detailed refinement results are listed in
Table 1, where the lattice parameters were simplified using the space
group of R3m with a higher symmetry [50]. There appears to have been
a slight increment of both the a and c values correlated with a pro-
longed calcination time, which is in accordance with the shift of re-
flections towards lower angles. As described by Wang et al. [10] a
prolonged calcination time may give rise to the volatilization of lithium
and consequently the reduction of Mn** ions (0.53 A to larger Mn>*
ions (0.58 A). Additionally, the intensity ratio of Igo3)/I(104y, Which is
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Table 1
Detailed XRD Rietveld refined results of each product calcined at 700 °C in air as a
function of calcination time.

Samples  Lattice parameter (A) I o /I aoy  Ni2*% (Nigy?* /Nigow> )
Qhex Chex

LT-6 2.8541 14.2407 1.4 3.4

LT-12 2.8758 14.2531 1.2 5.5

LT-18 2.8874 14.3869 1.6 2.1

considered to be an indication of Li*/Ni>* antisite defect [51], is
slightly higher in LT-18; suggesting the suppression of antisite defects
with a longer calcination time.

The contents of the S and R phases in each sample are shown in
Fig. 4d. LT-6 has the highest S content with a mass fraction of 7.6%, and
that content gradually decreased to 5.2% in LT-12 and then 3.8% in LT-
18. Thus, an increased calcination time at 700 °C promotes the S to L
transition. It should be mentioned that in the XRD pattern of LT-18, the
peaks indexed to the R phase become distinguishable. As mentioned
before, the phase transition from R to L phase is thermodynamically
favorable at 700 °C, but restricted by the Li content. Therefore, the R
phase in LT-18 suggests that Li may be gradually volatilized within the
18 h heating.

3.4. Surface composition analyses

High-resolution XPS spectra and the fitted curves of Mn 3s and Ni
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2ps,/2 are shown in Fig. 5a and b, with the percentage of the fitted peak
area shown in Fig. 5c. It is worth mentioning that the oxidation states of
the transition metals are different in the L and S phases. The valence of
transition metals is widely considered to be Mn** and Ni** in the pure
L phase [29,52], while the oxidation states of transition metals in S
phase are depended on the content of Ni; LiNigsMn; 504 presents the
same oxidation states in the L phase, but Mn tends to exist as both
Mn®* and Mn** when the content of Ni is below 0.5 per formula unit
[53]. Additionally, the decomposition reaction (Eq. (4)) of S would also
introduce a Ni®™" species [54].

The Mn 3s spectra has been differentiated based on the fact that
each valence state of Mn has two multiplet split components with dif-
ferent splitting energies: the splitting energy of Mn®* is 5.5 eV, and
Mn** is 4.6 eV [55]. For the Ni 2ps,, spectra in Fig. 5b, the peak lo-
cated near 854 eV is attributed to Ni2*, while the one at 855 eV is Ni®*
[56]. According to the comparison of peak area in Fig. 5c, the amount
of Mn®* in LT-6 is higher than in LT-12 and LT-18, and the amount of
Ni®* in LT-18 is higher than in LT-6 and LT-12. This trend is in
agreement with the XRD results that LT6 has more S phase and LT-18
has more R phase. The O1s spectra of all the three samples (Fig. S57)
were almost the same, indicating the oxidation state of oxygen on the
surface has not been affected by the calcination time.

3.5. Electrochemical properties

Li metal half cells were assembled with all the samples, SEM images of
the prepared electrodes shown in Fig. S67 suggested the homogeneous
mixture of active materials with super P. The electrochemical properties of
the calcination time-resolved samples were compared and the results are
shown in Fig. 6. When cycled between 2 and 4.8V with the current
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density of 20mAg~' (0.1C, 1C = 200mA g~ '), LT-12 presents the
highest discharge capacity of 218 mAhg~! in the first cycle, and the
discharge capacity of LT-6 and LT-18 is 209 and 171 mAh g~ *, respec-
tively (Fig. 6a). In the initial discharge profiles of LT-6, two plateaus
corresponding to the redox reaction of the S phase emerge at 2.8 and
4.7V, which are attributed to the Li[NigsMn; 5]O4 - Lis[NigsMn; 5104
transition and Ni%* /Ni** oxidation reaction, respectively [20]. It has been
revealed that the steadiness of these reactions is significantly determined
by the crystallinity of the S phase [32]; plateaus in samples calcined below
700 °C decayed rapidly in the first five cycles. As shown in Fig. S7, such
redox reactions of LT-6 are stable within the first five cycles, suggesting a
higher crystallinity of the S phase. The plateaus of the S phase almost
vanished in the charge-discharge profile of LT-12 and LT-18, consistent
with a reduced content of the S phase in the two composites. In the 5th
cycle, all the samples had higher discharge capacities than in the first
cycle, which is caused by suppression of Li>MnOj activation process in the
first several cycles [57].

The cyclic voltammetry measurements shown in Fig. 6b displayed and
compared the redox reaction in the first three cycles of the samples. Three
pairs of redox peaks marked by dash purple cycles are indicative of the
redox reactions of S phase, corresponding to the plateaus at 2.8 and 4.7 V
in the discharge curves of Fig. 6a. In accordance with the phase constitution
change, the relative intensity of peaks attributed to the S phase diminished
with a prolonged calcination time. Meanwhile, in the first cycle, peaks
referred to Ni2*/Ni®* and Ni®*/Ni** redox reactions between 4.6-4.8 V
overlap with the activation peak of LLO. Therefore, curves of LT-12 and LT-
18 with higher L content, the peaks are broadened and merged together.
The wide cathodic peak located around 3.3 V is attributed to the reversible
Mn**—Mn>* reduction process in the L phase [58].

In the results of the rate properties shown in Fig. 6¢, LT-12
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Fig. 6. Electrochemical properties of products calcined at 700 °C in air for different time. (a) First charge-discharge profiles at 0.1 C rate (1 C = 200 mA g~ 1), (b) the first three cycles

cyclic voltammograms, (c) rate and (d) cyclic properties capability.

presented the highest capacity during each rate, the discharge capacity
is 166 mAhg™! at 2 C (400 mA g~ ') which is better than many pre-
vious reports [10,59-61]. Although the discharge capacity of LT-6 is
not as high as that in LT-12, the capacity retention at high rates is
higher than LT-12. When the rate increased from 0.1 to 2 C, the capa-
city retention is 63% for LT-6 and 58% for LT-12, suggesting a large S
content could improve the rate performance. The rate performance of
LT-18 is not as good as LT-6 and LT-12, which may be affected by the
increased content of the R phase [10]. Cycling tests were carried out at
room temperature, the rate is 0.2 C with the first five activation cycles
at 0.1 C. As shown in Fig. 6d, the capacity retention is 79%, 83% and
68% after 60 cycles at 0.2 C for LT-6, LT-12 and LT-18, respectively.
The cyclic property of LT-6 is slightly lower than that of LT-12, which is
possibly associated with the higher lattice strains caused by the lattice
parameter difference of the S and L phases [27]. It should be noted that
the cycling profiles of LT-6 and LT-18 are overlapped in the first 15
cycles, which may be caused by two aspects: 1. The discharge capacities
of LT-6 and LT-18 are relative close at low rate, so deviations caused by
technical factors may lead to the floating of capacity. 2. S phase is more
beneficial to the rate property, but upon short term cycling, the capa-
city decay caused by lattice strains is comparable with that of R phase.

It should be noted that as L phase would gradually transform into S
and R phases during long term cycling [62], so the electrochemical
properties of the L/S composites would possibly influenced by that in-
operando phase transitions. To have qualitative comparison of that
effect, the 1st and 50th discharge curves with normalized capacities
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were shown in Fig. S8. For the 1st cycle, the normalized capacities in
4.5-4.8V and 2.0-2.75V of the L/S composites were calculated to
qualitative compare the contents of spinel phase; for the 50st cycle, the
normalized capacities from the inflection points (shown in the inset of
Fig. S8bt) to 2.0 V were calculated to qualitative compare the contents
of spinel phase. Noted that LT-18 has slightly higher normalized ca-
pacity of spinel phase than LT-12, which is more likely to be caused by
the larger polarization on the basis of the discharge profiles. After 50
cycles, the increments of the normalized capacities of spinel phase are
0.583, 0.581 and 0.589 for LT-6, LT-12 and LT-18, respectively, sug-
gesting the contents of in-operando formed spinel phase are almost the
same in the three samples upon cycling. Therefore, the influence of in-
operando formed rock salt and spinel phase seems to be comparable in
all the three samples.

Fig. S9t displayed the Nyquist plots of the electrodes made by
products calcined at 700 °C for different times. Prior to the measure-
ments, all the cells were charged to 4.2V after 3 cycles of charge-dis-
charge to ensure identical status. The equivalent circuit was simulated
by Z-view software and shown in the insert of Fig. S9f. The values of
simulated R and R, of all the samples were listed in Table 2. From that
results, the resistances of LT-6 and LT-12 seems to be comparable but
the surface resistance(R;) in LT-18 is much higher than the others,
which is possibly associated with the different heterostructures at the
interface.



Y. Pei et al.

Table 2
Values of R, R, of products calcined at 700 °C in air for different time after 3 cycles at
0.1 C and 25 °C.

LT-6 LT-12 LT-18
R(Q) 20.8 16.9 51.4
R(Q) 143.7 156.2 161.0

4. Conclusions

Three kinds of phase transitions in xLi;MnOs3(1 —x)LiMO, (LLO)/
spinel composites have been found out, that are: S; to L, Sy to R and R
to L. DFT calculations of the structural evolution revealed that the re-
lease of oxygen from the S and Sy structures promote the formation of
quasi-Li,MnOs3 and quasi-rock salt crystals. The phase transition from Sy,
to L have higher thermodynamic and dynamic driving forces than the
phase transition from Sy to R, and the phase transition from R to L is
energetically favorable once excess Li is provided. The reaction priority
has been utilized to design LLO/spinel composites with different phase
constitutions, in which the calcination time was controlled to influence
the content of each reaction. The obtained composite with a moderate
amount of S phase showed good cycling and rate performance, com-
posite with more S phase demonstrated lower discharge capacity but
higher capacity retention at high rates. Prolonged time would lead to
the formation of the R phase, which resulted in poor electrochemical
properties.
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