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The Impact of Surface Structure Transformations
on the Performance of Li-Excess Cation-
Disordered Rocksalt Cathodes

Deok-Hwang Kwon,1,2,5,* Jinhyuk Lee,1,2,3,5 Nongnuch Artrith,1,2 Hyunchul Kim,2 Lijun Wu,4

Zhengyan Lun,1,2 Yaosen Tian,1,2 Yimei Zhu,4 and Gerbrand Ceder1,2,6,*
SUMMARY

Li-excess cation-disordered rocksalt (DRX) oxides have shown poten-
tial as high-energy-density Li-ion cathodes. They typically exploit O
redox to achieve high capacity, which can trigger oxygen loss at the
surface, thereby affecting the cathode performance. Here, we eluci-
date the impact that the surface structural evolution has on their
electrochemical properties by comparing two prototypical DRX cath-
odes, Li1.2Ni0.333Ti0.333Mo0.133O2 (LNTMO) and Li1.2Mn0.6Nb0.2O2

(LMNO). Both cathodes achieve high capacity, but oxygen loss leads
to significant polarization for LNTMO, whereas LMNO is far less
affected.We show that whilemetal densification at the particle surface
occurs for both materials, the resulting surface structure is strikingly
different. A spinel phase forms at the surface of LMNO, which effec-
tively alleviates oxygen loss and allows fast Li transport, whereas a
densified DRX forms at the LNTMO surface, which impedes Li trans-
port and cannot mitigate oxygen loss. These findings demonstrate
the importance of the surface structure of DRX cathode.
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INTRODUCTION

Disordered rocksalt-type (DRX) Li transition metal (TM) oxides have attracted sub-

stantial interest as high-energy-density Co-free cathodes for rechargeable Li batte-

ries.1–9 These materials require Li-excess (x > 0.1 in Li1+xTM1-xO2) materials as DRX

introduces a percolating network of ‘‘0-TM channels’’ in the structures. Li+ ions can

diffuse through these channels without repulsion from high-valent TM ions, resulting

in a relatively low Li diffusion barrier for such dense structures.10

Many DRX cathodes capable of delivering high capacity (>200 mAh/g) and energy

density (>700Wh/kg) have been developed, including Li1.2Ni0.333Ti0.333Mo0.133O2,
4

Li1.2Mn0.6Nb0.2O2,
3,11 and Li2Mn2/3Nb1/3O2F,

7 and extensive research has been

conducted to understand their underlying electrochemistry and redox mecha-

nism.8,10,12–17 In particular, the participation of the O anion in the redox process

has been intensively investigated,14,18,19 as the Li excess required to introduce 0-

TM percolation limits the traditional TM redox capacity in DRX cathodes. The addi-

tional capacity originating from O redox processes in these materials can be sub-

stantial. For example, of the �250 mAh/g initial capacity delivered by

Li1.2Mn0.6Nb0.2O2, �130 mAh/g comes from O redox.3,11 O redox is facilitated in

these materials by the Li excess and disorder14 or by the vacancies resulting from

metal migration,20 all of which create less bounded O states, which can be more

easily oxidized.
Cell Reports Physical Science 1, 100187, September 23, 2020
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However, there has been some evidence that a large amount of O oxidation can

facilitate cation migration and accelerates the loss of oxygen at the surface.21–23

For layered cathodes, it has been argued that after oxygen loss from the particle sur-

face, undercoordinated cations at the particle surface can diffuse back into the crys-

tal structure to recover their original O coordination. This process necessarily in-

creases the metal contents in the newly developed surface layers (i.e., cation

densification).24–28 For the layered cathodes, these metal-densified layers typically

consist of ‘‘non-Li-excess’’ disordered rocksalt and/or ‘‘spinel-like’’ structures,29–38

although recent work has cast some doubt on the designation of these phases as

spinel and rocksalt in Ni-rich oxides.39,40

Similar problems are expected for Li-excess DRX cathodes. Recent work has uncov-

ered that the electrochemical performance of some DRX cathodes rapidly degrades

after oxygen loss.3,4,11 One of the prevailing arguments is that the oxygen loss fol-

lowed by cation densification lowers the Li-excess level at the particle surface to

below the percolation threshold of 0-TM channels, resulting in poor Li transport.

Thus far, no detailed characterization of the surface structure/composition is avail-

able for the DRX cathodes; therefore, the correlation between the surface structure

and the performance of the DRX cathodes is still highly unclear.

To understand the changes in surface structure and its effect on the performance of

Li-excess DRX cathodes, we combine transmission electron microscopy (TEM), elec-

trochemical tests, and density functional theory (DFT) calculations to directly

compare 2 representative Li-excess DRX cathodes, Li1.2Ni0.333Ti0.333Mo0.133O2

(LNTMO)4 and Li1.2Mn0.6Nb0.2O2 (LMNO).3,11 Differential electrochemical mass

spectrometry has shown that both materials experience oxygen loss in the first

charge.6,9,41 However, the resulting polarization in the voltage curve is significantly

smaller for LMNO than for LNTMO, indicating that the consequence of the oxygen

loss can be substantially different between different DRX cathodes.

Using scanning TEM (STEM)/electron energy-loss spectroscopy (EELS), high-resolu-

tion STEM (HRSTEM) imaging, and electron diffraction, we demonstrate that the sur-

face is metal densified after oxygen loss for both materials; however, a spinel forms

on the LMNO particle surface, while the LNTMO surface remains DRX. As the spinel

structure enables facile Li diffusion even without excess Li10 and is resistant to further

oxygen loss, Li transport in the surface layers of LMNO is less affected by oxygen

loss, and the bulk structure is protected from further oxygen loss. Based on this un-

derstanding, we propose design principles to improve the cycling performance of Li-

excess cathodes.
RESULTS

Synthesis and Electrochemical Properties

LNTMO and LMNO were synthesized using solid-state methods, as described in

Method Details. X-ray diffraction (XRD) analysis reveals that both materials form in

the disordered rocksalt structure. The indexes of the reflection h k l are all even or

all odd numbers, consistent with the face-centered-cubic (FCC) rocksalt structure

(space group no. 225, Fm3m). No secondary phases are detected. The lattice pa-

rameters of LNTMO and LMNO are 4.1448 and 4.2205 Å, respectively (Figures 1A

and 1B). Detailed refinement information is included in Table S1.

Scanning electron microscopy (SEM) analysis shows different particle size distribu-

tions for the twomaterials. The particle size of the as-made LNTMO is homogeneous
2 Cell Reports Physical Science 1, 100187, September 23, 2020



Figure 1. Characterization of Pristine State LNTMO and LMNO Samples by XRD and SEM

The X-ray diffraction (XRD) patterns and scanning electron microscopy (SEM) images of (A)

Li1.2Ni0.333Ti0.333Mo0.133O2 (LNTMO) and (B) Li1.20Mn0.6Nb0.2O2 (LMNO) (before ball milling). SEM

images of LMNO both before and after the ball-milling process.

ll
OPEN ACCESSArticle
at �100 nm (Figure 1A), whereas LMNO has a broad size distribution ranging from

tens of nanometers to micrometers (Figure 1B). This difference in the particle size

arises because LMNO requires a much higher temperature (1,000�C) to form

compared to LNTMO (750�C). Since the performance of the cathode materials can

depend on the particle size, we reduced the particle size of LMNO by high-energy

ball milling (see Method Details) with carbon black to create a more fair comparison

between both materials. The ball milling process results in a more comparable par-

ticle size (100–200 nm) of LMNO to that of LNTMO (Figures 1B and S1). A more

detailed analysis of the particle-size distribution for LNTMO and LMNO (ball-milled)

can be found in Figure S2.

Figures 2A and 2B present the voltage profiles of LNTMO and LMNOwhen cycled at

20 mA/g. The difference between the charge and discharge curves becomes more

significant as the charge cutoff voltage is increased from 4.3 to 4.6 V for LNTMO (Fig-

ure 2A) and from 4.3 to 4.8 V for LMNO (Figure 2B). It was previously shown that dur-

ing the first charge of LNTMO, up to�120 mAh/g, Ni2+ becomes oxidized to �Ni3+,

and then O oxidation follows upon charging beyond 4.3 V, which accompanies ox-

ygen loss from the particle surface.4,6 During discharge, Ni and O reduction occurs

with partial Mo reduction at the particle surface, which results in the two-plateau
Cell Reports Physical Science 1, 100187, September 23, 2020 3



Figure 2. Electrochemical Tests on LNTMO and LMNO

(A) The first-cycle voltage profile of LNTMO in the voltage windows of 1.5–4.3 V (black solid) and 1.5–4.6 V (blue dot) (20 mA/g, room temperature).

(B) The first-cycle voltage profile of LMNO in the voltage windows of 1.5–4.3 V (black solid) and 1.5–4.8 V (blue dot) (20 mA/g, room temperature).

(C) The galvanostatic intermittent titration test (GITT) profiles of LNTMO (black) and LMNO (red) during the first charge and discharge, displayed as a

function of the specific capacity (20 mA/g, room temperature).

(D) The discharge portion of the GITT profiles displayed as a function of time. The inset focuses on the 60–66 h range.

(E and F) We separate the voltage relaxation during the discharge, which instantly occurs after the current is off (black; IR drop), which occurs slowly over

time (red; mass-transfer related resistance) for (E) LNTMO and (F) LMNO.
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discharge process widely seen in Ni-based DRX cathodes, such as Li–Ni–Ti–Mo–O or

Li–Ni–Nb–O systems (Figure S3).3,4,6 For LMNO, we previously showed that Mn3+/

Mn4+ oxidation occurs upon first charging to �170 mAh/g, and further charging in-

volves O oxidation with partial oxygen loss at the surface. Discharging reverses this

redox process.9 We used different voltage cutoffs for the two materials in this test to

achieve a similar 1st charge capacity. The increase in the polarization is more sub-

stantial for LNTMO than for LMNO. For instance, the voltage difference between

the middle of charge and discharge of LNTMO is �1.5 V after the first charge to

4.6 V, whereas that of LMNO is as low as �0.3 V (Figures 2A and 2B).

To understand the origin of the voltage hysteresis, we performed the galvanostatic

intermittent titration technique (GITT) measurement on the two materials. Figure 2C

presents the GITT profiles during the first charge and discharge of LNTMO and

LMNO. The LNTMO and LNMO cells were charged to 4.6 and 4.8 V, respectively,

and discharged to 1.5 V at 20 mA/g, with a 5-h relaxation step after every 10-mAh/g

charge and discharge step. During discharge, the voltage relaxation is significantly

higher for LNTMO (close to �1 V) than for LMNO (�0.2 V). This result indicates poorer

kinetics in LNTMO (e.g., slow Li diffusion, high charge transfer resistance) than in LMNO.

The voltage relaxation during the titration tests can be divided into two parts: (1) the

instant relaxation after the current is off and (2) the slower voltage relaxation afterward

(Figures 2D–2F). The former part is related to the charge-transfer resistance or IR drop,

while the latter is associated with mass-transfer resistance (Li diffusion). The GITT curves
4 Cell Reports Physical Science 1, 100187, September 23, 2020
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displayed as a function of time show that the time-dependent portion of voltage relax-

ation is substantially larger for LNTMO than for LMNO, indicating that the difference in

the mass-transfer resistance is the reason why LNTMO shows poorer kinetics (i.e., large

polarization) than LMNO.

The electrochemical tests for LMNO, including the GITT, were conducted on the

LMNO powder ball milled with C. Thus, the external C layers, as well as reduced par-

ticle size, could influence the electrochemical measurements by improving elec-

tronic conduction in the cathode film or by reducing the Li diffusion distance. How-

ever, the smaller mass-transfer resistance, which we identify as the main reason for

the better performance of LMNO compared with LNTMO, is strictly associated

with the Li+ ion and polaron conduction ‘‘inside’’ the cathode particles (i.e., Li diffu-

sivity in the crystal structure) and thus is not affected by the external C layers (see also

Figures S1D and S1F). In addition, the as-made (not ball milled) LMNO already

shows smaller voltage polarization compared with LNTMO (Figure S1). These results

suggest that faster Li transport in LMNO compared to LNTMO is intrinsic rather than

an effect of ball milling, although the reduced particle size after the ball mill may in-

crease the capacity of LMNO. Note that we cannot completely ignore possibleminor

changes of the bulk and surface structure by the ball milling. However, no significant

changes are detected in the XRD pattern of LMNO after ball milling other than the

peak broadening due to the particle size reduction (Figure S1).

The different Li diffusivity in LNTMO and LMNO is also reflected in their rate capa-

bility. Figures 3A and 3B show the voltage profiles for LNTMO and LMNO charged

and discharged at different rates (20, 50, 100, 200, and 400 mA/g) between 1.5 and

4.6 V for LNTMO and 1.5 and 4.8 V for LMNO, respectively. As the rate increases

from 20 to 400 mA/g, the discharge capacity of LNTMO decreases by as much as

�30% from 215 mAh/g to 150 mA/g, while that of LMNO only decreases by

�20% from 255 to 208 mAh/g. We also find that LMNO retains capacity better

than LNTMO. Figure 3C compares the capacity retention of LNTMO and LMNO

cycled at 100 mA/g. After 100 cycles, 60% and 49% of the initial capacity is retained

for LMNO and LNTMO, respectively.

To understand the origin of the different behaviors of the materials, we examined how

the structure of thematerials changes after cycling. Here, we focus on characterizing the

particle surface, where structural and compositional changes due to O redox and oxy-

gen loss are expected to be most severe. Also, the volume fraction of ‘‘surface layers’’

can be significant in the nanoparticles of LNTMO or ball-milled LMNO. Thus, even a

small change in the surface layers can substantially influence the performance of the

two materials. The effect of bulk structure changes to the performance should be rela-

tivelyminor, as we argue in the Discussion. Tomore clearly observe surface changes, we

used TEM to compare the surface structure of LNTMO and LMNO at the pristine state

and after 20 cycles (at the discharged state). Using well-cycled samples reduces the in-

homogeneity among cathode particles with respect to their degree of a reaction, mak-

ing the TEM result more reliably represent the whole sample. The 20th-cycle voltage

profiles of LNTMO and LMNO are presented in Figure S3.

Detection of the Metal-Densified Layers and Their Chemical Analysis

We first used STEM/EELS mapping to study how the chemical states of various tran-

sition metals in LNTMO and LMNO have changed after 20 cycles, from which we

were able to obtain quantitative information about the compositional changes

across the particle surface of each material. Figure 4A presents a representative

STEM image of the LNTMO particle after cycling; the 2D EEL spectra were recorded
Cell Reports Physical Science 1, 100187, September 23, 2020 5



Figure 3. Rate Performances of LNTMO and LMNO

(A and B) The voltage profiles of (A) LNTMO and (B) LMNO, when they are charged and discharged

at 20, 50, 100, 200, and 400 mA/g (room temperature).

(C) The capacity retention of LNTMO (black) and LMNO (red) when they are cycled at 100 mA/g. In

these tests, the voltage window was 1.5–4.6 V for LNTMO and 1.5–4.8 V for LMNO.
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from the bulk to the surface (white dotted box). For each pixel of the 2D EEL spectra,

the Ni-L, Ti-L, and O-K edges for LNTMO and the Mn-L and O-K edges for LMNO

were recorded. Representative EEL spectra of LNTMO are presented in Figure 4B,

where the black, yellow, and red profiles represent the bulk, surface, and outer sur-

face (1–2 nm), respectively.

The oxidation state of a transition metal can be determined from the EELS fine struc-

ture.42 As-synthesized LNTMO contains Ni2+, Ti4+, and Mo6+, as demonstrated by
6 Cell Reports Physical Science 1, 100187, September 23, 2020



Figure 4. STEM/EELS and XPS Chemical Analysis on the LNTMO Surface

(A) The spectrum imaging along the surface of the 20-cycled LNTMO.

(B) Representative EELS spectra (solid profiles) from the regions indicated by the colored circles in (A) and reference EELS from the bulk of the pristine

sample (dotted line).

(C) The Mo edge in the XPS spectra collected from the pristine and 20-cycled LNTMO samples.

(D) The volume density of atoms along the surface of the pristine (black) and 20-cycled (blue) LNTMO samples. We quantified the volume density of

atoms based on the EELS signals of the O-K edge and Ti- and Ni-L edges. The metal density is indicated on the left y axis and the O density is indicated

on the right y axis. The red arrow marks the increased metal density at the surface area.
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the EELS and XANES results (Figures S4 and S9). The EELS profile of LNTMO after 20

cycles (Figure 4B) shows that the Ti-L and Ni-L edge positions remain unchanged

from the bulk to the outer surface (black dotted line), indicating that there is no

apparent difference of the Ti/Ni oxidation state in the particle surface and core after

cycling. Comparing the spectra after cycling with the EELS spectrum from the pris-

tine sample (inserted in Figure 4B as a dotted profile) demonstrates that there is

almost no change in the spectra across the cycled surface (see also Figure S4). We

assign Ti to be Ti4+ as the EELS feature of the Ti-L edge shows 4 different peaks

with maximum L3 and L2 peak positions at �459.4 and �464.6 eV, which are charac-

teristic features of Ti4+-containing compounds.43–45 We assign Ni to be Ni2+ based

on the maximum peak intensity of the L3 edge at�853.0 eV.46,47 Ni3+ and Ni4+ show

amaximum in the L3 edge peak at�854 and�856 eV, respectively.48,49 The intensity

of the 2nd peak in the O-K edge is slightly smaller in the spectrum collected from the

very outer surface (the red profile) than in the one from the bulk (the black profile).

This intensity change indicates that there is greater reduction in the metal species

at the very outer surface than in the bulk, most likely due to Mo reduction, since

Ni and Ti show no evidence of being reduced.

Because Mo is present in small concentrations and gives low signal yield in EELS, the

Mo states in LNTMO were measured using X-ray photoelectron spectroscopy (XPS).

Figure 4C compares the XPS signal from LNTMO before and after 20 cycles, demon-

strating a significant amount of reduction to Mo4+ andMo5+ near the particle surface
Cell Reports Physical Science 1, 100187, September 23, 2020 7
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after cycling. This Mo reduction at the LNTMO particle surface indicates that there

was oxygen loss from the material during cycling, which is consistent with differential

electrochemical mass spectrometry data reported on this material.6

In the literature, it has been argued that the oxygen loss from the particle surface can

result in either a structure with O vacancies or a cation-densified structure.22,50–53 To

investigate which structure forms for LMNO and LNTMO, we estimated the volume

density of atoms by normalizing the areal density extracted from the STEM/EELS

analysis by the thickness (see Method Details). Knowledge of this volume density

of atoms enables us to identify whether oxygen loss from the DRX particle surface

results in cation densification or leaves O vacancies behind. The relative atomic ratio

between metals and O alone cannot differentiate oxygen loss via densification and

O vacancies because both processes result in the same atomic ratio between metal

and O in the structure.

Figure 4D shows the evolution of the density near the surface of LNTMO after 20 cy-

cles. Figure 4D reveals a substantial increase in the Ni and Ti densities at the surface

for �5 nm by 20%–40% after cycling, whereas the change in the O density is hardly

observable. Because of the small Mo content in LNTMO and its low EELS signal

yield, we used STEM/energy-dispersive X-ray spectroscopy (EDS) to evaluate the

change in the Mo content (Figure S5A), which shows that the Mo content increases

similar to Ni and Ti. The increase in TM content at the surface is calculated using the

average number of the bulk and surface density from Figure 4D; inherent measure-

ment errors in each number associated with thickness variation and signal-to-noise

ratio are canceled out, which results in precision (standard deviation) within <7%.54

If oxygen loss were to occur with O vacancies, the O density of the LNTMO surface

would be reduced compared with that of the bulk while the cation density would

remain unchanged. Instead, we observed a substantial increase in the total TM con-

tent at the surface compared with that in bulk, whereas the O content barely

changed. This finding indicates that the oxygen loss from LNTMO results in cation

densification. According to our quantitative EELS results, we expect that the compo-

sition at the surface changes from Li1.2Ni0.333Ti0.333Mo0.133O2 (20% Li excess) to

Li0.88Ni0.47Ti0.47Mo0.18O2, (�12% Li excess, 12% TM excess), which is below the

threshold Li excess level for 0-TM percolation in the DRX structure.

Based on the smaller voltage polarization observed for LMNO, less densification is

expected at the particle surface of LMNO.6,9,41 We found this expectation to be

consistent with our findings. Figure 5 shows the chemical analysis of LMNO before

and after 20 cycles. Figure 5A shows a STEM image of an LMNO particle cycled

20 times. The white dotted rectangle indicates where EELS spectra were acquired.

A small shift in the Mn-L edge of the EELS profile (Figure 5B) to lower energy can

be observed at the outer surface (red profile) compared with the bulk (black profile),

indicating a slight reduction in Mn.While the Mn-L edge appears at�642.8 eV in the

bulk, consistent with Mn3+55 and with the L-edge in the pristine sample (dotted pro-

file in Figures 5B or S4), the chemical shift at the surface indicates a small amount of

Mn reduction. After cycling, the O-K edge has barely changed other than some nar-

rowing of the first peak in the O-K edge, which may arise from the slight reduction

in Mn.

The valence state of Nb in LMNO is analyzed using XPS as its low composition makes

EELS less sensitive. The XPS data for LMNO (Figure 5C) reveals a slight broadening

of the Nb5+ 3d peaks; however, no reduced Nb species were detected. These results
8 Cell Reports Physical Science 1, 100187, September 23, 2020



Figure 5. STEM/EELS and XPS Chemical Analysis on the LMNO Surface

(A) The spectrum imaging along the surface of the 20-cycled LMNO.

(B) Representative EELS spectra (solid profiles) from the regions indicated by the colored circles in (A) and reference EELS from the bulk of the pristine

sample (dotted profiles).

(C) The Nb edge in the XPS spectra collected from the pristine and 20-cycled LMNO samples.

(D) The volume density of atoms along the surface of the pristine (black) and 20-cycled (blue) LMNO samples. We quantified the volume density of atoms

based on the EELS signals of the O-K edge and Mn-L edge. The metal density is indicated on the left y axis and the O density is indicated on the right y

axis. The red arrow marks the increased metal density at the surface area.
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suggest that if Nb reduction occurs in LMNO upon cycling, it is to a much smaller

extent than the Mo reduction in LNTMO.

The atomic volume densities of Mn and O near the surface of an LMNO particle

before and after cycling are shown in Figure 5D. After 20 cycles, the Mn density

increased by �16% in the �5 nm region near the surface, whereas the O density

did not change much. STEM/EDS analysis reveals that the Nb content increased

to an extent similar to that of the Mn content (Figure S5B). From the STEM/EELS

and EDS information, we estimate that the composition of LMNO at the surface

changes from Li1.2Mn0.6Nb0.2O2 (20% Li excess) to Li1.06-xMn0.7Nb0.24O2 (6% Li

excess) after cycling. This result implies that metal densification also occurred after

oxygen loss at the surface of LMNO; however, the degree of densification is smaller

than for LNTMO. Nevertheless, 6% Li excess is still below the threshold for 0-TM

percolation in the DRX structure; thus, additional explanations are necessary to un-

derstand the faster kinetics in LMNO.
Structure Analysis of Different Phase Transformation at the Surface

To better understand the difference between the two materials, we further investi-

gated the surface structure of the LNTMO and LMNO particles using HRSTEM and

electron diffractions. Figure 6A presents HRSTEM images and the corresponding

fast Fourier transforms (FFTs) of the surface of an LNTMO particle after 20 cycles
Cell Reports Physical Science 1, 100187, September 23, 2020 9



Figure 6. Atomic-Resolution Images from the Surface of Cycled LNTMO and LMNO

(A and D) The [011] HRSTEM images of (A) LNTMO and (D) LMNO at the surface of particles after 20

cycles. The insets show the corresponding FFTs of the images, which can be indexed as [011]

rocksalt and spinel, respectively. Note that the extra spots (marked by red arrows) in the FFT of (D)

are attributed to the spinel structure and are absent in (A).

(B and E) Magnified images from the rectangular areas in (A) and (D).

(C and F) Simulated images obtained using multislice method with frozen phonon approximation

for (C) rocksalt structure and (F) spinel structure. The [110] projections of the rocksalt and spinel

structures are embedded in the images (red: TMs at 16d site, blue: TMs at 16c site, yellow: O,

green: Li)
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taken along the [110] direction. There is no contrast modulation of the atomic col-

umns, indicating that a homogeneous DRX surface structure remains after the

cycling of LNTMO. This trend is also consistent with the FFT of the HRSTEM image,

showing the [110] diffraction pattern of a DRX structure.

In contrast, we observed a distinct phase transformation at the LMNO particle sur-

face after cycling. Figure 6D presents HRSTEM images and FFTs of the surface of

an LMNO particle after 20 cycles taken along the [110] direction. An alternating

bright contrast of {222} planes (indicated by the black dotted lines) is observed in
10 Cell Reports Physical Science 1, 100187, September 23, 2020
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the HRSTEM image after cycling (Figure 6D), which is one of the unique features of a

spinel structure. The spinel structure has half-occupied and fully occupied TM col-

umns alternating in {222} planes, resulting in the alternation of the contrast of

{222} planes. HRSTEM images of pristine LNTMO and LMNO samples are provided

in Figure S6.

These HRSTEM images were compared with simulated images to verify the struc-

ture and contrast. Magnified HRSTEM images (Figures 6B and 6E) from the

marked area (red rectangles in Figures 6A and 6D) are compared with simulated

images obtained using the multislice method (Figures 6C and 6F). The [011] pro-

jections of the DRX and spinel structures are embedded in the images. Because

the contrast of a STEM-high-angle annular dark-field (HAADF) image is approxi-

mately proportional to Z1.7 (Z is the atomic number)56 along the atomic column,

the light element Li (green spheres) and O (yellow spheres) are invisible in the

images. The white dots in the images correspond to the columns of transition

metals. The uniform contrast in Figure 6A indicates that Ni, Ti, and Mo (as

well as Li in this column) randomly occupy the 4a site in the Fm3m space group

rocksalt. In the spinel structure ðFd3mÞ, TMs occupy the 16d site (red spheres in

Figures 6E and 6F), while the 16c site (blue spheres) remains unoccupied, result-

ing in modulating contrast in the HRSTEM image when viewed along the [011]

direction.

We note that although the contrast of the HRSTEM images reproduces the spinel

structure very well, there is a slight deviation. In an HRSTEM image of a perfect Li–

TM–O spinel such as LiMn2O4, no contrast should be observed at the site indicated

by blue arrows in Figure 6E, whereas in our HRSTEM image of LMNO, contrast is

observed. This contrast is attributable to the small amount of the remaining DRX

structure, which results in background contrast at this site. Also, the weak intensity

observable at the Li site (indicated by the green arrow in Figure 6E) of the spinel

may infer some occupancy of the tetrahedral site by a TM.57

To unambiguously clarify the surface structure of LMNO, we obtained electron

diffraction patterns in several different lattice directions (low-index zone axes),

[001], [011], and [112], on the particle surface. The crystal symmetry and electron

diffraction patterns allow us to differentiate several types of structures (cubic-spinel,

tetragonal-spinel, and ‘‘spinel-like’’ structures), which are difficult to distinguish us-

ing HRSTEM (HAADF) imaging alone.

The diffraction peaks from the pristine samples (marked by red circles) in Figure 7

correspond to a DRX structure. After 20 cycles, additional diffraction peaks appear

in the electron diffraction patterns in the [001], [011], and [112] directions that match

well with the simulated diffraction patterns of a cubic-spinel structure (Figures 7D–

7F). The systematic extinction rules conclusively verify that the additional peaks

correspond to the cubic-spinel structure Fd3m. Systematic extinctions originate

from the combination of the Bravais lattice, screw axis, and glide plane.58 In the

spinel structure, an FCC-type Bravais lattice and a d-glide plane parallel to [001]

create the systematic absences. In all of our measured electron diffraction images,

the absent diffraction peaks are consistent with these rules for the spinel structure,

as indicated by the red triangles in Figure 7. All of the reflections indicate the consis-

tent presence of these components in the electron diffraction patterns, which nar-

rows down the possible symmetry to Fd3 (203) or Fd3m (227). Of these space

groups, Fd3m is the higher space group, which we can use to represent this

structure.
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Figure 7. Electron Diffractions from Cycled LMNO and Simulated Electron Diffractions of Spinel

The electron diffraction patterns of the 20-cycled LMNO sample in the (A) [001], (B) [011], and (C)

[112] directions. We also show the simulated electron diffraction patterns of the modeled cubic-

spinel (LiM2O4 type) structure in the (D) [001], (E) [011], and (F) [112] directions. The red circles

indicate the original rocksalt structure; the red arrows mark the extra diffraction peaks that appear

after cycling. The red triangles indicate systematic absences of diffraction peaks (scale bar:

0.5 1/nm).
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Because LMNO is a relatively Mn-rich compound, both Mn3O4- and LiMn2O4-like

spinels are candidates for the surface structure of LMNO, as they would show similar

TM contrast in HRSTEM images. However, the cubic symmetry observed in the elec-

tron diffraction pattern excludes the formation of the Mn3O4-type spinel, which has

tetragonal symmetry. Therefore, we can conclude that a LiMn2O4-type cubic spinel

(e.g., LiMn2O4, compositionally related spinels such as Li4Mn5O12
59,60) formed on

the surface of LMNO.
12 Cell Reports Physical Science 1, 100187, September 23, 2020



Figure 8. Formation Energy of Rocksalt and Spinel Structure in LMNO and LNTMO

Computed formation energies of spinel (red) and rocksalt (black) phases in LNTMO and LMNO. The

top of the bars corresponds to the T = 0 K DFT formation energies of each structure. At T = 300 K,

the formation energies are lowered by the entropy of mixing, which is a negative quantity. The

magnitude of �TDSmix (shown as empty regions) increases from spinel to rocksalt and from LMNO

to LNTMO, owing to the greater number of available sites in rocksalt and chemical species for

which mixing occurs (see Method Details).
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We also performed electron-diffraction analysis for LNTMO (Figure S7). After 20 cy-

cles, the diffraction pattern remained that of a DRX phase, and no other additional

peaks appear. This result indicates that the surface of the LNTMO particles remains

cation disordered upon cycling, which is consistent with the HRSTEM image. Note

that diffuse scattering in the electron diffraction patterns (Figure 7), indicating

short-range ordering, is observed for LMNO but not for LNTMO (Figure S7).

Whether short-range ordering is beneficial for transport depends on its specific na-

ture, as has been discussed elsewhere in detail.61,62
Origin of Different Phase Transformation

To understand the origin of the different phase transformation observed from the

two materials, we evaluated the relative thermodynamic stability of the spinel and

rocksalt-type phase using DFT calculations following a protocol detailed in Method

Details. We considered the ideal Li content of the spinel structure (LiM2O4) to obtain

an upper bound for the stabilization of the spinel phase. Note that the LiM2O4 stoi-

chiometry (M = transition metals with a ratio of Ni:Ti:Mo = 7=15 : 7=15 : 2=16 in

LNTMO and of Mn:Nb = 3:1 in LMNO) was used, as it is the closest composition

to the one of the metal-densified surface layers (as determined from the quantitative

STEM/EELS measurement) that can be accommodated in a manageable unit cell

size.

Figure 8 shows the computed formation energies (energies above the ground-state

hull) of the most stable rocksalt-type and spinel structures in each compound. In

addition to the 0 K DFT energies, Figure 8 also shows the approximate free energy

of mixing expected at room temperature obtained by adding the ideal solution en-

tropy of mixing (see Method Details). Li and TM atoms share the same sublattice in

the rocksalt phase, such that the entropy of mixing is generally greater than that in

the spinel phase. As observed in Figure 8, the formation energy of the spinel phase

in the (Mn, Nb) composition is much smaller than that for the rocksalt phase. This
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large energy difference leads to a strong driving force for the transition from the

rocksalt to the spinel phase for LMNO after metal densification.

For comparison, Figure 8 also shows an equivalent analysis for LNTMO. Here, the

energy difference between the rocksalt and spinel phase (45 meV) is significantly

smaller. Note that the larger number of TM species in LNTMO than in LMNO directly

leads to a greater mixing entropy that helps stabilize the rocksalt phase. Thus, the

driving force for a phase transition from the rocksalt to the spinel phase is much

smaller for LNTMO than for LMNO.
DISCUSSION

Using quantitative STEM/EELS analysis, we demonstrated that oxygen loss via metal

densification occurs at the surface of both LNTMO and LMNO, but that the degree

of metal densification and accompanying structural changes are entirely different for

the two materials. We find that the surface structure of LNTMO remains a DRX struc-

ture after densification, whereas a cubic spinel is formed at the LMNO particle sur-

face after cycling, as demonstrated by HRSTEM images and electron diffraction pat-

terns. DFT calculations indicate that the different phase transitions can be attributed

to the significantly greater energetic preference for the formation of the spinel struc-

ture in LMNO than in LNTMO after the oxygen loss.

Using our findings, we are now able to discuss the effect of the different surface

structures on the cathode performance. Percolation theory explains that increasing

the Li-excess level improves the Li diffusion in the DRX materials, as it enhances the

percolating network of the so-called 0-TM channels in their crystal structure.10

Hence, similar Li diffusivity would be expected for the two materials, as the Li-excess

level (20%) is the same for LMNO and LNTMO and is well beyond the 0-TM perco-

lation threshold. When we limit the charge voltage cutoff to 4.3 V, a limited degree

of polarization appears in the voltage profile of both LNTMO and LMNO (Figures 2A

and 2B), suggesting good Li diffusion in bothmaterials. However, upon high-voltage

cycling, we observe that the polarization becomes substantially greater for LNTMO

compared with LMNO. In particular, the slowing of Li diffusion in LNTMO is signifi-

cant during the middle of discharge (Figures 2C–2E). This performance difference

can be explained by the different phase evolutions at the surface.

The degree of densification is smaller for LMNO (20% / 6% Li excess) than for

LNTMO (20% / �12% Li excess), which suggests that LMNO is less prone to lose

oxygen upon high-voltage cycling. The retention of a higher Li-excess content at

the surface of LMNO should enable the material to achieve better Li transport.

More important, the spinel formation at the LMNO surface can counteract the

adverse effects of cation densification on Li transport. Although high Li excess

(>10% Li excess) is crucial for Li percolation in DRX phases, a spinel-like structure

does not need Li excess to enable fast Li diffusion.10 In spinel, Li migrates from

one tetrahedral site to another tetrahedral site through an intermediate octahedral

site (t-o-t) with a low barrier of �300 meV.63,64 Since the 16c site is unoccupied in a

spinel, the electrostatic barrier is small when Li1+ ions diffuse through the t-o-t chan-

nels. Moreover, these channels are connected through a 3-dimensional (3D)

network, which has been argued to be related to the good Li mobility in spinel

(see also Figure S8).65,66 Furthermore, overlithiation (x > 1 in LixMn2O4) and partial

cation disordering so that some of Li atoms occupy the octahedral sites can also

enable fast Li diffusion in spinels.67
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While the smaller amount of oxygen loss from LMNO than from LNTMO may be

intrinsic, it is more likely to be a consequence of the high driving force for spinel for-

mation in LMNO. Spinel cathodes, such as LiMn2O4 and LiNi0.5Mn1.5O4, are known

to cycle reversibly at high voltages (even up to 5 V) without a significant loss of ox-

ygen.68,69 Considering that typical layered or disordered cathodes lose oxygen at

above �4.3 V, the stability of the spinel against oxygen loss is remarkable and is

likely due to the tetrahedral site occupancy by Li. The Li-extraction voltage is the

sum of the Li+ site energy and the TM oxidation energy.12,70,71 Because Li+ is

more stable in a tetrahedral site (as in spinel) than in an octahedral site (as in rocksalt

or layered structure), spinel oxidation voltages are generally higher than in rocksalt

or layered phases for the same TM-redox couple. This de facto implies that transition

metals in a spinel phase at the surface will be less oxidized than in the bulk rocksalt

structure, thereby lowering the propensity for oxygen loss.

In contrast, the surface of LNTMO retains the DRX structure during cycling, albeit

with declining Li content owing to densification, which will have two effects: (1) Li

diffusion will becomemore difficult upon densification as the Li content drops below

the 0-TM percolation threshold of the rocksalt structure and (2) the rocksalt surface

phase will be more prone to oxygen oxidation/loss than the spinel phase due to a

high population of labile ‘‘non-bonding’’ O 2p orbitals in the cation-disordered

structure.14 As the densified disordered surface layer on LNTMO cannot mitigate

further oxygen loss, continued oxygen loss will make the surface increasingly more

metal densified, leading to poor Li transport through the surface layers (Figures 2

and 3). This phenomenon explains why Ni-based disordered Li-excess cathodes

(e.g., Li–Ni–Ti–Mo–O,4 Li–Ni–Ti–O,72 Li–Ni–Nb–O3) generally cycle with a large po-

larization, unless oxygen loss is mitigated (e.g., by fluorination).2,6,9

We note that compared with LMNO, there is also a more significant change in

the bulk structure of LNTMO after cycling, as evidenced by X-ray absorption

spectroscopy results (Figure S9). This may have a negative effect on Li diffusion

along with surface densification. For instance, it was recently understood that

along with the Li-excess level, short-range orderings (SROs) in the DRX oxides

could also influence the 0-TM percolation.62 Nevertheless, no SRO features

are seen in the electron diffraction pattern of LNTMO before and after cycling

(Figure S7). Without an appearance of any detrimental SRO, the bulk structure

change during cycling should result in only a minor impact on the Li diffusion

in the DRX oxides.

Our DFT results support the idea that after oxygen loss and metal densification,

spinel formation is favored for LMNO but less so in LNTMO. This trend is consistent

with data in the literature: (1) the driving force for the spinel transformation becomes

most significant when the TM in LiTM2O4 is Mn73 and (2) spinel formation in the Mn

system is likely further assisted by the fact that Mn3+ andMn2+ aremobile in the rock-

salt-type structure.73,74 Reed et al.73 showed that the half-full d-shell (d5: t2g
3eg

2) of

Mn2+ lowers its energy in a tetrahedral coordination as compared to the other

valence states of Mn. As the tetrahedral site is often the activated state for diffusion

between octahedral sites, this electronic structure effect increases theMnmobility in

the rocksalt-type structure. Mn3+ derives its high mobility by disproportionation into

Mn2+ as it passes through the tetrahedral site. The high Mn-mobility combined with

large thermodynamic driving force toward the spinel structure after oxygen loss ex-

plains why the spinel-surface structure develops easily from a variety of Mn-rich cath-

ode materials, including the layered Li- and Mn-rich oxides (e.g., Li1.2Ni0.2Mn0.6O2)

after oxygen loss.75
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In contrast, LNTMO contains Ti4+ or Mo6+, which are d0 species that can readily

accommodate local site distortion induced by cation disordering.17 Ni2+ is also

known to cause cation disorder because of its comparable ionic size to Li+, which

has been a problem for obtaining well-layered Ni2+-based oxides such as

LiNi1/2Mn1/2O2
76 and LiNiO2.

77 As these elements lower the energy of the DRX

structure, a less driving force for spinel formation exists in LNTMO, making the

material highly susceptible to oxygen loss.

Our results indicate that in situ/ex situ coating of functional layers (i.e., an oxygen -loss-

resistive and fast-Li-diffusing layer) would be beneficial for the performance of

disordered Li-excess cathode materials. For LMNO, such a layer develops in situ, ther-

modynamically driven by the high content of Mn3+ andMn4+. This may explain whyMn-

based materials (e.g., Li1.3Mn0.4Nb0.3O2, Li2Mn2/3Nb1/3O2F, Li2Mn1/2Ti1/2O2F) have

been the most successful disordered cathodes to date.7,11 It is unfortunate that Ni-

based disordered cathodes (Li–Ni–Nb/Ti–O, Li–Ni–Ti–Mo–O) would not develop such

an oxygen -loss-resistive spinel layer in situ, resulting in more oxygen loss and sluggish

Li diffusion. Therefore, preventing oxygen loss by fluorination or ex situ coating of a

functional layer such as a spinel layer78–80 could be used to improve the performance

of disordered Ni-based cathodes. One would expect to encounter similar problems

for Co- or Fe-based DRX cathodes3,81,82 because their redox behavior is similar to

that of Ni—limited TM redox (hardly oxidized to 3+/4+) in DRX due to the significant

overlap with O redox and the inability to form a spinel layer in situ.

While our work addresses the transformations of the cathode surface, the longer-

term cycling of these materials still shows capacity fade (Figure 3C). While it is

possible that Mn dissolution from the Mn-rich spinel surface of the LMNO plays a

role in this, which is a shared problem of Mn redox-active cathode materials,83–85

there is also evidence that the 4.8 V charging voltage for LMNO accelerates the elec-

trolyte decomposition.86,87 Thus, a combined effort to tackle both diffusion-related

and non-diffusion-related problems will be critical to developing high-performance

DRX cathodes with improved kinetics and cycling stability.

In conclusion, we studied the electrochemical performance and surface phase trans-

formation of two representative Li-excess DRX cathodes, LNTMO and LMNO. Quan-

titative analysis of the surface layers in both materials revealed that metal densifica-

tion is less pronounced in LMNO than in LNTMO. In addition, a densified phase with

a spinel crystal structure was identified at the surface of LMNO by HRSTEM and elec-

tron diffraction. In contrast, the surface structure of LNTMO remains DRX. Our work

points to spinel as an ideal surface passivation layer. It facilitates good Li transport

and can sustain preferable Li percolation down to low (negative) Li-excess levels.

In addition, the low energy for Li in the tetrahedral site reduces its oxidation level

and therefore likely also its level of O oxidation, which is consistent with the low level

of O2 evolution observed from high-voltage spinels in the literature. Hence, a spinel

structure mitigates oxygen loss at the surface and effectively protects the bulk while

it maintains good Li diffusion. The different phase evolution at the surface of LNTMO

and LMNO results in different polarization.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Gerbrand Ceder (gceder@berkeley.edu).
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Materials Availability

All unique and stable reagents generated in this study are available from the Lead

Contact upon request.

Data and Code Availability

All data associated with the study are included in the article and the Supplemental

Information. Additional information is available from the Lead Contact upon reason-

able request.

Synthesis

LNTMO and LMNOmaterials were synthesized using solid-state synthesis. We used

Li2CO3 (Alfa Aesar, ACS, 99% minimum), Mn2O3 (Sigma-Aldrich, 99.9%), Nb2O5

(Sigma-Aldrich, 99.99%), NiCO3 (Alfa Aesar, 99%), TiO2 (Alfa Aesar, 99.9%), and

MoO2 (Alfa Aesar, 99%) as precursors. A stoichiometric amount of Li/Ni/Ti precur-

sors were mixed for LNTMO, while a 5% excess amount of Li precursor (and a stoi-

chiometric amount of Mn/Nb precursors) was used for LMNO to compensate for

the possible loss of Li during the high-temperature sintering process (1,000�C).
The precursor mixing was conducted using wet ball milling with acetone for 24 h, fol-

lowed by drying overnight in an oven. The precursor mixture was then pelletized and

sintered at 750�C for 2 h in the air for LNTMOand at 1,000�C for 1 h under Ar gas flow

for LMNO, followed by furnace cooling to room temperature. After the sintering pro-

cess, we ground the pellets into a powder. For a more fair comparison between

LNTMO and LMNO, we reduced the particle size of LMNO using ball milling. We

high-energy ball-milled the as-made LMNO powder for 4 h using Retsch PM200

and then shaker milled the high-energy ball-milled LMNO powder with carbon black

for 1 h, using the SPEX 800 mixer.

Electrochemistry

The active material (LMNO or LNTMO), carbon black (Super P, Timcal), and polyte-

trafluoroethylene (PTFE; Teflon 8C, DuPont) were mixed at a weight ratio of

70:20:10. Themixture was thenmanually mixed and rolled into a thin film of the com-

posite cathode in an Ar-filled glovebox. The loading of each cathode film was�4mg

cm�2. For the electrolyte, separator, and counter electrode, 1 M LiPF6 in ethylene

carbonate (EC) and dimethyl carbonate (DMC) solution (1:1; Techno Semichem),

Celgard 2500 polypropylene, and Li-metal foil (FMC) were used, respectively. A total

of 2,032 coin cells were assembled inside an Ar-filled glovebox and tested and

cycled on an Arbin battery tester using a current of 20 mA/g at room temperature

in galvanostatic mode (for voltage profiles). The specific capacity was calculated

based on the amount of active material (70 wt%) in the cathode film. We performed

GITT during the first charge to 300mAh/g, followed by discharge to 1.5 V. Every step

of 10 mAh/g was galvanostatically charged or discharged at 20 mA/g, followed by

relaxing the cell for 5 h between each step.

Characterization

XRD patterns were collected on a Rigaku MiniFlex diffractometer (Cu source) in the

2q range of 10�–85�. Rietveld refinement was performed using the PANalytical

X’Pert HighScore Plus software. The SEM images were collected on a Zeiss Gemini

Ultra-55 analytical field-emission SEM at the Molecular Foundry in the Lawrence Ber-

keley National Laboratory (LBNL). The XPS measurements were performed on a

Thermo Scientific K-Alpha XPS System with a monochromatic Al Ka X-ray source

at the Molecular Foundry in LBNL. After galvanostatic cycling 20 times at

20 mA/g, films of LNTMO and LMNO were collected by disassembling the 2,032

coin cells. For comparison, we also conducted the XPS measurement on the pristine
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cathode films before cycling. The samples were transferred into the XPS system us-

ing a Thermo Scientific KAlpha Vacuum Transfer Module to avoid air exposure, and

were cleaned using monoatomic Ar ion milling (1,000 eV, high current mode, 15 s) to

remove surface-absorbed C andO2. The spectra Mo andNb 3d were acquired with a

passing energy of 50 eV and a dwell time of 50 ms.

TEM Characterization

We prepared the pristine and 20-cycled (after the 20th discharge) samples of LMNO

and LNTMO for TEM characterization. The composite film was sonicated in a diethyl

carbonate (DEC) solvent to separate the active material, binder, and carbon black. A

few drops of the solvent were drop casted on an ultrathin C grid. To obtain clear

HRSTEM images and electron diffraction patterns, unmilled LMNO powders (before

and after 20 cycles) were used. TEM experiments were performed at LBNL and at

Brookhaven National Laboratory using TEAM 0.5 and JEM-ARM200F, respectively.

HRSTEM images were obtained at 200 keV with a convergence angle of�30 mrad in

HAADF mode. STEM/EELS spectra were obtained using a JEM-ARM200F equipped

with a GIF Quantum spectrometer using a 22-mrad convergence angle and disper-

sion of 0.1 (0.25) eV for the LMNO (LNTMO) materials at 200 keV. EELS quantifica-

tion was performed using a signal integration window of �50 eV (depending on

the element), a Hartree-Slater model of the partial ionization cross-section and po-

wer-law background subtraction. To improve the statistical variance of the density

number, an averaged line profile was used. The pixel size used in spectrum imaging

was�0.5 Å. The relative thickness was determined by measuring the plasmon inten-

sity in low-loss EEL spectra obtained in dual mode, and it was used to normalize areal

density extracted from core-loss EEL spectra to obtain volume density. Electron dif-

fractions were acquired from a whole particle in conventional TEM mode using

selected area aperture. Simulated electron diffractions were considered in the

bulk particle with the spinel surface of minor disorder using the Bloch wave method.

X-Ray Absorption Spectroscopy (XAS) Measurements

Ex situ XAS measurements were carried out in transmission mode at room temperature

using beamline 20-BM at the Advanced Photon Source (APS) of the Argonne National

Laboratory (ANL). The prepared XAS samples were sealedwith polyimide tape (Kapton,

DuPont) to prevent air exposure. The incident energy was selected using a Si(111)

monochromator. The incident energy was selected using a Si(111) monochromator,

and the beam intensity was reduced by 15% to minimize high-order harmonics using

a Rh-coated mirror. Reference spectra of the Ti, Mn, Ni, and Nb metals were collected

simultaneously using pure Ti, Mn, Ni, and Nb foils. The XAS data were analyzed using

the Athena program, and the spectral energies were calibrated by using the first inflec-

tion points in the spectra of Ti, Mn, Ni, and Nb foils. The extracted extended X-ray ab-

sorption fine structure (EXAFS) signal, c(k), was weighted by k3 to emphasize the high-

energy oscillations and then Fourier transformed in a k range from 2.0 to 9.8 Å for the Ti

K-edge, from 2.0 to 10.8 Å for theMn K-edge, from 2.0 to 12.8 Å for the Ni K-edge, and

from 2.0 to 9.8 Å for the Nb K-edge using a Hanning window to obtain the magnitude

plots of the EXAFS spectra in R-space (Å).

Calculations

DFT

All of the DFT calculations were performed using the Perdew-Burke-Ernzerhof (PBE)

exchange-correlation functional,88 as implemented in the Vienna Ab initio Simula-

tion Package (VASP)89,90 with projector-augmented wave pseudopotentials.91 To

correct for the DFT self-interaction error, a Hubbard U correction92–94 was used

for Mn (3.9 eV), Ni (6.0 eV), Nb (1.5 eV), and Mo (4.38 eV), with values taken from
18 Cell Reports Physical Science 1, 100187, September 23, 2020
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Jain et al.95 The plane-wave cutoff was 520 eV, and the k-point density was selected

to be at least 1,000 divided by the number of atoms.96 The atomic positions and lat-

tice parameters were optimized, and the convergence threshold for the atomic

forces was 0.01 eV/Å. The VASP input files were generated using pymatgen.96

Structure Enumeration

To determine the most stable 0 K orderings, we systematically enumerated cation con-

figurations in rocksalt and spinel structures with the densified LMNO and LNTMO com-

positions using the method presented by Hart and coworkers.97–99 We specifically

considered the overall composition LiM2O4 (M = transition metals)—in other words,

the ideal spinel composition. For this composition, the spinel structure is known to be

the thermodynamic ground state in many Li-TM oxides,39,100 such that we could obtain

an upper bound of the spinel stabilization.

Densified LMNOwasmodeled as LiMn1.5Nb0.5O4, with 4 formula units (Li4Mn6Nb2O16).

To confirm that the selected structure sizes were sufficiently large to find the ground-

state energy, we also enumerated the Li8Mn12Nb4O32 composition in the spinel struc-

ture, for which the most stable structure is only �1 meV per atom more stable, which is

not significant for the discussion in the present work. In total, we enumerated �1,900

spinel and �1,500 rocksalt configurations, for which all of the subsequent DFT calcula-

tions were performed. Densified LNTMO was modeled as LiNi7/8Ti7/8Mo1/4O4, with 8

formula units (Li8Ni7Ti7Mo2O32). Because of the exceedingly large number of possible

atomic orderings in rocksalt Li8Ni7Ti7Mo2O32, it was not feasible to enumerate all of

the possible configurations in this case. Instead, we enumerated the Li-M-vacancy or-

derings with an anonymous transition metal M and sorted the resulting structures by

their electrostatic energy (assuming an average valence state of +3.5 for the M atoms).

The most stable configuration was used as a starting point to enumerate the transition

metals. This enumeration resulted in >10,000 spinel structures and >10,000 rocksalt

structures. Toobtain an estimate of the first-principles energetics, we randomly selected

�250 spinel structures and �250 rocksalt structures for the subsequent DFT

calculations.

Free Energy of Mixing

In the ideal disordered (Li0.5M0.5)O rocksalt structure, Li and all of the TM species share

the same cation sublattice, whereas the Li and TM ions are on different sublattices in the

LiM2O4 spinel structure. Therefore, the entropy of mixing is greater in the rocksalt struc-

ture than in the spinel structure. Furthermore, assuming an ideal solution, themixing en-

tropy in LNTMO is greater than it is in LMNO because of the larger number of chemical

species. To estimate the effect of these entropic differences on the energetics in the two

systems, we considered the entropy of mixing of the ideal solution101:

DSmix = � kB
XN

i = 1

xiln xi ; (Equation 1)

Where kB is Boltzmann’s constant and xi is the concentration of species i.
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