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Screening and Development of Sacrificial Cathode Additives
for Lithium-Ion Batteries

Haegyeom Kim,* KyuJung Jun, Nathan Szymanski, Venkata Sai Avvaru, Zijian Cai,
Matthew Crafton, Gi-Hyeok Lee, Stephen E. Trask, Finn Babbe, Young-Woon Byeon,
Peichen Zhong, Donghun Lee, Byungchun Park, Wangmo Jung, Bryan D. McCloskey,
and Wanli Yang

This work presents a computational screening approach to identify Li-rich
transition-metal oxide sacrificial cathode additives and provides experimental
validation of antifluorite-structured Li6MnO4 as a potential candidate.
Initial attempts to synthesize this compound result in low purity (≤40%
by weight) owing to close thermodynamic competition with Li2O and MnO
at low temperature. However, it is shown that a much higher purity of 85% by
weight can be achieved by combining Li excess with rapid cooling from high
temperature, which effectively stabilizes the Li6MnO4 phase. The synthesized
product delivers a high irreversible Li release capacity that exceeds 700mAh g−1

by utilizing combined Mn oxidation (Mn2+/3+ and Mn3+/4+) and O oxidation.
These results demonstrate that Li6MnO4 may therefore be useful as a potential
sacrificial cathode additive in Li-ion batteries andmotivate further investigation
of other structurally-related compounds. While attempts were made
to synthesize two additional compounds among computationally screened
candidates, it was not successful to experimentally realize the two candidates.
The difficulty of experimental realization of the newly predicted materials
remains a challenge and it is suggested that more efforts need to be devoted
to developing computational techniques to precisely predict synthesizability
and propose potential synthetic routes of the predicted materials.
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1. Introduction

The development of next-generation
Li-ion batteries with improved energy
density is pivotal to address the ever-
increasing demand for electrochemical
energy storage devices in various sec-
tors, including electric transportation,
portable devices, and grid-scale energy
storage systems. A key remaining chal-
lenge is the low coulombic efficiency
in the first few cycles, which largely
stems from the formation of a solid
electrolyte interphase (SEI). This issue
becomes especially problematic when
high-capacity alloying anode materials,
such as Si or Sn, are added to the anode
composite to increase the cell energy
density. In this case, loss of accessible
lithium in the cell is triggered, eventu-
ally reducing the total energy that the
system can store during its operation.
Pre-lithiation has been suggested

as a strategy to compensate for this
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Figure 1. Computational screening workflow used to identify promising sacrificial cathode additive candidates.

lithium loss by adding excess lithium to the anode or
cathode.[1–4] Typical pre-lithiation methods include electrochem-
ical pre-lithiation,[5,6] chemical pre-lithiation,[7] and the intro-
duction of pre-lithiation additives to either the cathode[8,9] or
anode.[10] Among these methods, pre-lithiation additives used
in cathode composites have drawn significant attention because
they avoid the challenges of handling highly reactive anode
components[4,10,11] and require only a simple modification of
the manufacturing process. A cathode pre-lithiation additive ir-
reversibly releases lithium during the first charging process to
compensate for the initial lithium loss, and the residue remains
inactive in the cathode composite during the remaining life of
the cell. As such, they are often referred to as sacrificial cathode
additives.
An ideal sacrificial cathode additive irreversibly releases a

large amount of lithium in the first charging process, and its
residue remains stable during battery operation without caus-
ing any detrimental side reactions. Several high-lithium-content
transition-metal oxides have been investigated as sacrificial cath-
ode additives.[2,12] For example, antifluorite Li5FeO6 has been
proposed as a viable candidate material[13–18] due to its low cost
and high irreversible capacity. However, its poor stability in
the air remains a problem. Another antifluorite-structured ma-
terial Li6CoO4 has been widely investigated;[19–22] yet, the re-
activity of its charging residue and the use of cobalt remain
drawbacks. Other materials such as Li2MoO3,

[23,24] Li2CuO2,
[25,26]

and Li2NiO2
[27–30] have been investigated; however, they pro-

vide lower irreversible lithium release capacities than antifluorite
compounds.
In this work, high-throughput computational screening is per-

formed to identify promising candidates for sacrificial cathode
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additives. Antifluorite-structured Li6MnO4 is identified as a can-
didate material that uses inexpensive metal (Mn) while providing
a high theoretical Li extraction capacity of 819 mAh g−1. To in-
vestigate and optimize the synthesis of Li6MnO4, we use in situ
X-ray diffraction (XRD) and density functional theory (DFT) cal-
culations of reaction energies. Once synthesized with reasonably
high purity, the Li extraction mechanism of Li6MnO4 is deter-
mined using X-ray absorption spectroscopy (XAS), resonant in-
elastic X-ray scattering (RIXS), and differential electrochemical
mass spectrometry (DEMS). Our work showcases the effective-
ness of Li6MnO4 as a sacrificial cathode additive, motivating fu-
ture investigation into this compound and other structurally re-
lated materials identified using computations.

2. Results

2.1. Computational Screening of Promising Sacrificial Cathode
Additives

Sacrificial cathode additive candidates were computationally
screened from the Materials Project (MP) database using the
workflow outlined in Figure 1. We only considered Li-containing
ternary metal oxides (Li–M–O), where the metal (M) species in-
cluded elements with atomic numbers ranging from 21 (Sc) to 51
(Sb). These oxides were filtered to exclude any compounds whose
energy above the convex hull is greater than 50 meV atom−1

at 0 K, as these compounds are unlikely to be synthesizable
experimentally.[31] The magnitude of the energy above the con-
vex hull corresponds to the driving force to decompose to the
lowest-energy phases in the given phase diagram and is a mea-
sure of the thermodynamic stability of a compound with respect
to the ground-state competing phases. From the resulting com-
pounds, we selected those with a high Li/anion ratio (≥0.5) and
a high Li/M ratio (≥3.0) as potential sacrificial cathode additives,
as these materials could hypothetically deliver a high specific ca-
pacity through the extraction of their Li in the first charging pro-
cess. This process produced a list of 67 compounds, for which the
voltage curves were evaluated using DFT calculations performed
on topotactically delithiated versions of the host structures (see
Experimental Section). We used a high-voltage criterion because
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Figure 2. In situ characterization of Li6MnO4 synthesis. a) Heatmap showing XRD intensities collected from a sample of Li2O andMnO that was heated
to 950 °C and slowly cooled to synthesize Li6MnO4. b) Heating profile associated with the experiment shown in panel (a). c) Weight fractions obtained
from the XRDmeasurements shown in panel (a). d) Heatmap showing the XRD intensities collected from a sample of Li2O andMnO, which was heated
to 950 °C, rapidly cooled to 600 °C, and held for 20 h before letting the sample slowly cool to room temperature. e) Heating profile associated with the
experiment shown in panel (d). f) Weight fractions obtained from the XRD measurements shown in panel (d).

our computed voltage profiles only consider topotactic delithi-
ation pathways, which may overestimate the lithium extraction
potential if the delithiation products are highly unstable and con-
version reactions are more favorable. A final selection criterion
was then imposed whereby compounds with a predicted capacity
exceeding 800 mAh g−1 at voltages ≤ 4.5 V (vs Li/Li+) were iden-
tified. These compounds include Li8TiO6, Li8CrO6, Li6MnO4,
Li14Mn2O9, Li5NiO4, Li6NiO4, Li6ZnO4, Li8GeO6, and Li8ZrO6.
Additional information (e.g., predicted capacity) on each of these
compounds is provided in Figure 1. Of these nine candidates,
we selected Li6MnO4 for experimental investigation for several
reasons: i) it does not contain any critical elements such as Ni
and Co, instead relying on Mn that is much more abundant;
ii) it can potentially use “two-electron transfer” (or “double re-
dox”: Mn2+/3+ and Mn3+/4+), which can provide high theoretical
capacity without requiring detrimental oxygen oxidation; and iii)
it is close (6 meV atom−1) to the convex hull, suggesting that ex-
perimental synthesis may be viable.

2.2. Understanding Li6MnO4 Synthesis Mechanisms

The first synthesis of Li6MnO4 was reported by Narukawa et
al.,[20] who mixed Li2O and MnO in a 3:1 ratio and heated the
sample at 950 °C for 12 h under a reducing atmosphere (99%N2,
1% H2) before letting it cool naturally to room temperature. De-
spite the reported success of this synthesis procedure, the XRD
pattern acquired from its product deviates from that anticipated

for Li6MnO4 (mp-770533 in the MP database), suggesting that
prominent impurities may be present. Later work by Szyman-
ski et al.[32] reaffirmed the presence of substantial impurity peaks
that arise from an attempted synthesis of Li6MnO4.
To better understand how Li6MnO4 forms during solid-state

synthesis and to identify the secondary phases that limit its pu-
rity, we performed in situ XRD measurements on a precursor
mixture of Li2O andMnO that was heated to 950 °C, held for 8 h,
and cooled to room temperature under a reducing atmosphere
(98% Ar, 2%H2). Experimental details of the in situ XRD charac-
terization can be found in the experimental section. Figure 2a–c
shows the phase transformation observed during this synthesis
process. We find that Li2O does not react with MnO at tempera-
tures below 900 °C, although a small amount of LiOH temporar-
ily forms due to the presence of H2 in the reducing atmosphere.
Interestingly, above 900 °C, we found two noticeable changes in
the XRD patterns: i) the diffraction peaks associated with MnO
disappear and ii) the peaks associatedwith Li2O undergo a promi-
nent shift toward lower 2𝜃, consistent with lattice expansion. The
simultaneous occurrence of these two changes suggests the in-
corporation of the larger Mn2+ ions (66 pm) into the antifluorite
structure of Li2O (where Li+ has a smaller ionic radius of 59 pm).
Indeed, our DFT calculations and Monte Carlo simulations indi-
cate that it is thermodynamically favorable for tetrahedral cations
in Li6MnO4 to disorder above≈700 °C (Figure S1, Supporting In-
formation). The presence of a disordered Li6MnO4 phase at high
temperatures is further evidenced by the fact that the ordered ver-
sion of this phase appears during cooling (≤ 600 °C). However,
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Figure 3. Structure characterization of synthesized Li6MnO4 under varied conditions. a) XRD patterns of the synthesized Li6MnO4 with varied cooling
rates and b) corresponding weight fraction analysis of Li6MnO4, Li2O, and MnO. c) XRD patterns of the synthesized Li6MnO4 at varied Li2O:MnO
ratios (varied Li excess level). d) Rietveld refinement result of Li6MnO4 synthesized with 40% Li excess using X’Pert Highscore Plus. Inset: SEM image
of synthesized Li6MnO4.

the formation of ordered Li6MnO4 is accompanied by its partial
decomposition into MnO and Li2O. As a result, the final product
contained only ≈40% Li6MnO4 by weight.
To improve the purity of Li6MnO4 in its ordered configuration,

we performed a second experiment where the sample was rapidly
cooled from 950 to 600 °C and held for 20 h before being slowly
cooled to room temperature. The XRD patterns collected during
this synthesis experiment are presented in Figure 2d–f, reveal-
ing an increased yield of ordered Li6MnO4 that reaches 65 wt.%
by the end of cooling. These results suggest that Li6MnO4 is only
stable at high temperature, and therefore, rapid cooling is needed
to avoid (or at least minimize) its decomposition into Li2O and
MnO. FromDFT calculations reported in the MP, Li6MnO4 is in-
deedmetastable at 0 K, with an energy of 6meV atom−1 above the
convex hull. However, configurational disorder on cation sites in
Li6MnO4 can significantly lower its free energy at high tempera-
ture — on the order of 100 meV atom−1, as shown in Figure S1
(Supporting Information) — thereby stabilizing this phase rela-
tive to Li2O and MnO. To capitalize on the stability of Li6MnO4
that occurs at high temperature while retaining it at low temper-
ature, we further investigate the effectiveness of fast cooling in
the next section.

2.3. Synthesis Optimization of Li6MnO4

To examine the impact of the cooling rate on the purity of
Li6MnO4, in Figure 3a, we present XRD patterns obtained from

reaction products of Li2O and MnO when held at 950 °C for 12 h
under a continuous flow of the mixed gas (98% Ar, 2% H2) but
with varied cooling rates. The ratios of Li2O and MnO were kept
fixed at 3:1 for all these experiments. For the slowest cooling, we
simply turned off the furnace after the completion of the 12-h
dwell time (black line). To slightly increase the cooling rate, we
turned off the furnace and opened the insulating cover imme-
diately after the dwell (blue line). To accelerate the cooling rate
further, we removed the furnace’s tube from the heating element
and let it cool down while retaining a gas flow through it (green
line). We retained the gas flow during the cooling to avoid any po-
tential oxidation of Mn and unwanted side reactions upon air ex-
posure. The fastest coolingwas achieved by applying a cooling fan
to the furnace’s tube that was removed from the heating element
(dark cyan line). From the XRD analysis, the purity of Li6MnO4
is found to increase substantially with faster cooling rates. This
result is clearly evidenced by the prominent decrease in the peak
intensity of the Li2O and MnO impurities. Figure 3b shows the
refinedweight fraction of Li6MnO4 in the samples obtained using
varied cooling rates (see the refinement results in Figure S2, Sup-
porting Information). The weight fraction of Li6MnO4 increases
from ≈65% to ≈80% by weight. However, even with the fastest
cooling rate, some Li2O and MnO impurities still persist.
To further improve the purity of Li6MnO4, we tested the use

of excess Li2O precursor. In these experiments, we applied the
fastest cooling rate described above. This is anticipated to be ben-
eficial to increase reactive interfaces between MnO and Li2O,
allowing all the MnO particles to react to form Li6MnO4. We
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expect any unreacted Li2O could be evaporated during the high-
temperature synthesis process. In addition, some Li2O residues
might be lost in the washing procedure used after synthesis (de-
scribed later in this section) in an attempt to purify the sam-
ple. Figure 3c presents the XRD patterns of samples synthesized
with varied amounts of Li excess. With increasing levels of Li
excess in the precursor mixture, the resulting product shows a
decrease in the amount of MnO that is present. The peaks asso-
ciated with MnO are completely undetectable once the Li-excess
level reaches 40% (i.e., when the ratio of Li2O to MnO is 4.2).
Nevertheless, substantial amounts of the unreacted Li2O impu-
rity remain after each synthesis attempt. The Li6MnO4 synthe-
sized with 40% Li excess was subjected to phase quantification
using Rietveld refinement using X’Pert Highscore Plus as shown
in Figure 3d. For the Rietveld refinement, crystal structure data
of Li6MnO4 (mp-770533, space group: P42/nmc) was obtained
from the MP database. This refinement suggests a weight frac-
tion of 85.4% for Li6MnO4 (with lattice parameters a = 6.632 Å,
b = 6.625 Å, and c = 4.670 Å), which coexists with 14.6 wt.%
Li2O. Because our synthetic method cannot control the cooling
rate precisely, we tested the reproducibility of our synthesis pro-
cess. In the optimized synthesis condition, the purity of Li6MnO4
was 84.5±1.0 wt.%. The inset of Figure 3d shows a scanning elec-
tronmicroscopy (SEM) image acquired frompresumed Li6MnO4
particles in the sample, where 2–3 μm primary particles are ag-
glomerated to form a ≈40 μm secondary particle. To quantify
the composition of the sample, we performed inductively cou-
pled plasmamass spectrometry (ICP-MS)measurements, reveal-
ing a Li:Mn ratio of 8.5:1, which is close to the Li:Mn ratio in
the precursor mixture. This result indicates that almost no Li
has evaporated during the synthesis process. Given the overall
sample composition and the weight fraction of each identified
phase, we can denote the final synthesis product as Li6MnO4 ·

𝛼Li2O (𝛼 < 1.25). In an attempt to remove the Li2O impurity,
we washed the sample with water after synthesis. Unfortunately,
it appears that Li6MnO4 is unstable in contact with water as it
is found to completely transform into LiMn2O4 after the wash-
ing procedure (Figure S3, Supporting Information). Neverthe-
less, the purity of Li6MnO4 obtained in this study is still rea-
sonably high, which allows us to investigate its intrinsic elec-
trochemical properties and delithiation mechanisms as a poten-
tial artificial cathode additive for the first time in the following
section.

2.4. Li Extraction Mechanisms

We investigated the Li extraction mechanisms of Li6MnO4 us-
ing in situ electrochemistry-XRD analysis. Figure 4a shows the
XRD patterns acquired during the charge and discharge of the
synthesis product that shows the highest purity (85.4 wt.%) of
Li6MnO4. Figure 4b displays charge–discharge profilesmeasured
from this sample, with a current density of 5 mA g−1 in the
voltage range of 4.5–2.5 V (vs Li/Li+). During the charging pro-
cess, we do not observe any prominent changes in the peak po-
sitions of the XRD patterns. This result agrees with the previ-
ous report by Narukawa et al.[20] They also found no change
in the peak positions of Li6MnO4 after 0.25 Li ions were ex-
tracted, which led to the conclusion that Li cannot be extracted

Figure 4. In situ electrochemistry-XRD characterization. a) XRD heat
maps of Li6MnO4 during charging and b) associated charge–discharge
profiles at 5 mA g−1. c) XRD patterns of Li6MnO4 during charging. Scan
from every 16 h (80 mAh g−1).

from the compound at reasonable voltages. However, we found
that the peak intensity associated with Li6MnO4 does continu-
ously decrease during the charging process. This is more clearly
illustrated in Figure 4c, which shows that the peak intensity
of Li6MnO4 linearly decreases as a function of charging state.
These results suggest that Li6MnO4 may become amorphous or
poorly crystalline upon delithiation. Importantly, we also found
that Li2O remains unchanged in XRD, both in terms of peak in-
tensity and position, throughout the charging process, indicat-
ing all the observed charge capacity is derived from Li6MnO4.
The total charge capacity of Li6MnO4 is found to be 705 mAh
g−1, corresponding to the extraction of ≈5 Li ions per formula
unit.
A similar amorphization was observed in Li6CoO4 during the

delithiation process by Jun et al. and Cui et al.[21,33] Their stud-
ies did not observe a noticeable peak shift during the delithia-
tion from the Li6CoO4 phase, but the XRD peaks from Li6CoO4
completely disappeared when more than 2 Li ions per formula
unit were extracted. In the case of another sacrificial cathode ad-
ditive, Li5FeO4, the structure was destroyed and transformed into
a disordered rocksalt phase when 2 Li ions per formula unit were
removed.[14] In contrast, while the peak intensities of Li6MnO4
gradually decreased, they did not completely disappear nor con-
vert into the disordered rocksalt phase until 5 Li ions per formula
unit were removed.
Interestingly, the Li6MnO4 exhibits a non-negligible discharge

capacity (≈60 mAh g−1). We suspect that the amorphous phase
uptakes little Li ions during the discharging process. To under-
stand whether the discharge capacity comes from the reduction
of transitionmetal (i.e.,Mn3+ toMn2+), we employed ex situ X-ray
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Figure 5. Characterization of Li6MnO4 during charging process. a) First charge profile of Li6MnO4 at 10 mA g−1. b) Ex situ XANES analysis (Mn K-edge)
of Li6MnO4 electrodes at varied charged states. c) O-Kmapping of mRIXS of Li6MnO4 electrodes at varied charged states. d) DEMS analysis results of
Li6MnO4 electrode at 10 mA g−1.

photoelectron spectroscopy (XPS) technique as shown in Figure
S4 (Supporting Information). After charging up to 4.5 V, Mn 2p
peak shifts to higher binding energy, indicating oxidation. How-
ever, the discharging to 2.5 V does not shift the Mn 2p peak to
lower binding energy. This result confirms that the Mn is not re-
versibly reduced upon discharging. Therefore, it is highly likely
that the discharge capacity is attributable to capacitive reactions.
To better understand the Li extraction reaction mechanisms

of Li6MnO4, we employed ex situ bulk sensitive hard X-ray ab-
sorption near-edge structure (XANES) analysis. In Figure 5a,b,
we compare the Mn K-edge spectra at different states of charge
with MnO (Mn2+), Mn2O3 (Mn3+), andMnO2 (Mn4+) references.
In the as-prepared pristine (ASP) sample, theMn valence is close
to +2, which is consistent with the Li6MnO4 chemical formula.
Upon charging to 225 mAh g−1, the Mn K-edge shifts to higher
energy and slightly bypasses the Mn2O3 reference. This obser-
vation indicates that the oxidation state of Mn increases up to
> +3. Charging to 450 mAh g−1 further oxidizes the Mn, as ev-
idenced by the Mn K-edge shift; however, the valence does not
reach+4.When charged up to 4.5 V, theMnK-edge slightly shifts
to lower energy, which is related to the complicated redox cou-
pling phenomenon between the O and Mn oxidation process at
high voltage.[34,35] This phenomenon indicates that Mn oxidation
is not the only active redoxmechanism and that oxygen oxidation
may play a role.
Figure 5c demonstrates the O-K mapping of resonant inelas-

tic X-ray scattering (mRIXS) to identify the contribution of oxy-
gen oxidation in the Li-extraction process. In the O-K mapping,
brown indicates higher intensity whereas blue shows lower in-
tensity. The strong features at 525/534 and 522/534 of emission

energy/excitation energy (highlighted by grey arrows) likely indi-
cate the presence of Li2CO3.

[36] As we did not observe any crys-
talline Li2CO3 in the XRD analysis, it is expected that a poorly
crystalline or amorphous Li2CO3 is present in the sample. When
charging up to 450 mAh g−1, these features weaken, indicating
the decomposition of Li2CO3.More importantly, the feature high-
lighted by the red box originates from oxidized oxygen species.
The emergence of such a feature again indicates the oxygen oxi-
dation to compensate for the Li extraction. As shown in Figure 5c,
the intensity of the oxidized oxygen feature starts to increase
when the cathode is charged to 225 mAh g−1, and the relative
intensity of this feature is enhanced upon further oxidation up to
450 mAh g−1. However, at the 4.5-V charged state, we no longer
observe the oxidized oxygen feature, and pre-edge features near
≈528 eV of excitation energy show a noticeable change, which
suggests that the subsurface electronic structure is completely
changed. This finding is in agreement with the completely di-
minished XRD peaks of Li6MnO4 after fully charging up to 4.5 V
(Figure 4).
Differential electrochemical mass spectrometry (DEMS) was

employed to investigate outgassing during the cycling of
Li6MnO4 as shown in Figure 5d. Large amounts of CO2 and
H2 evolution were observed during the first charge, whereas no
O2 evolution was detected. The CO2 evolution observed during
the first charge occurs in two distinct peaks, including one rela-
tively sharp peak occurring early during charging and a broader
peak occurring over the latter portion of the first charge. The
H2 evolution occurs as a single peak that slowly grows over the
course of the first charge and reaches a maximum at the end of
the charge. CO2 may arise due to the decomposition of native
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carbonate species (such as Li2CO3) on the surface of Li6MnO4 or
the decomposition of the carbonate solvents in the electrolyte.[37]

In particular, given that the Li2CO3 feature disappeared during
the initial charging process in themRIXS analysis, the CO2 evolu-
tion during the earlier charging process with the relatively sharp
peak can likely be attributed to the decomposition of Li2CO3. In
contrast, H2 evolutionmay result from an electrode crosstalk pro-
cess in which electrolyte degradation at the Li6MnO4 surface gen-
erates protic electrolyte degradation products, which are subse-
quently reduced at the anode surface to formH2.

[38] Although the
mechanismunderlying the electrolyte degradation that is respon-
sible for much of the observed outgassing is unclear, it is likely
that the interfacial reactivity of the Li6MnO4 is at least elevated
due to the large amounts of anion redox occurring within thema-
terial. For example, the electrolyte degradation may be initiated
by a reaction of the electrolyte solvent with reactive oxidized oxy-
gen species formed during the charging of Li6MnO4. Although
direct O2 evolution is not observed, other oxidized oxygen species
may be formed that subsequently react with the electrolyte and
produce CO2.

[21] The gas evolution from the lattice creates cracks
in the Li6MnO4 particles as shown in SEM analysis (Figure S5,
Supporting Information).

2.5. Stability of Li6MnO4 in Ambient Air

We evaluated the air stability of Li6MnO4. Figure S6a (Support-
ing Information) shows XRD patterns of Li6MnO4 electrodes be-
fore and after air exposure (24 h). A peak located at ≈18° is orig-
inated from PTFE binder used for the electrode preparation.[39]

After the air exposure for 24 h, the peak intensity of Li6MnO4
significantly decreases and new diffraction peaks appear. The
new peaks evolved after the air exposure are well matched with
Li2CO3 phase. We expect that Li ions are removed from Li6MnO4
and it forms Li2CO3 by reacting with CO2 in the air. Figure S6b
(Supporting Information) shows the charge–discharge profiles
of Li6MnO4 after air exposure (24 h). After the air exposure,
Li6MnO4 could not be charged and exhibited a low charge capac-
ity of ≈20 mAh g−1. These results indicate instability of Li6MnO4
in ambient air. Improving its stability upon air exposure could be
an important future research direction.

2.6. Effect of Li6MnO4 Additive in Full Cells

To evaluate the effect of Li6MnO4 as a sacrificial cathode additive,
we constructed and tested full cells with and without Li6MnO4.
In this system, we used LiNi0.8Mn0.1Co0.1O2 (NMC811) as a cath-
ode active material and SiOx-graphite composite as an anode ac-
tive material. For the sample with Li6MnO4 additive, we mixed
NMC811 and Li6MnO4 in a 9:1 ratio inmass (10wt.% of Li6MnO4
additive). First, we tested NMC811 cathode and NMC811 with
Li6MnO4 additive in a Li metal half-cell. Figure 6a,b exhibit
charge–discharge profiles of NMC811 without Li6MnO4 addi-
tive and NMC811 with Li6MnO4 additive, respectively, at 30 mA
g−1. NMC811 cathode delivers 251.9 and 225.8 mAh g−1 for the
first charge and discharge, respectively. The initial coulombic effi-
ciency (ICE) is ≈89.6% for NMC811. When 10 wt.% of Li6MnO4
additive is used, the cathode shows 264.4 mAg −1 for the first

charge and 202.2 mAh g−1 for the first discharge, exhibiting
76.5% of ICE. When the discharge capacity is re-calculated based
on the NMC811 mass only, it becomes 224.7 mAh g−1, which is
close to the value obtained by NMC811 only. This result demon-
strates that Li6MnO4 contributes to the charge capacity only as a
sacrificial cathode additive. We used the SiOx-graphite compos-
ite as an anode and tested the composite anode in a Li metal half-
cell. Figure 6c shows the initial two charge–discharge cycles of the
SiOx-graphite composite anode at 250mA g−1. The SiOx-graphite
composite anode exhibits 2114.7 mAh g−1 of the first discharge
capacity and 1493.7 mAh g−1 of the first charge capacity with ICE
of 70.6%.
Finally, we assembled full cells by combining NMC811 cath-

ode without Li6MnO4 additive or NMC811 with Li6MnO4 ad-
ditive and the SiOx-graphite composite anode. In our experi-
ment, N/P ratio is fixed to be 1.0 based on the first charge ca-
pacity of the cathode and the first discharge capacity of the an-
ode. Figure 6d,e shows the charge–discharge profiles of the full
cells with NMC811 without Li6MnO4 additive and NMC811 with
Li6MnO4 additive, respectively, at 30 mA g−1cathode. The full cell
with Li6MnO4 additive delivers 175 mAh g−1, which is slightly
higher than the cell without additive (167 mAh g−1). When the
discharge capacity is re-calculated based on the NMC811 mass
only for the cell with Li6MnO4 additive, it becomes 194.4 mAh
g−1, indicating higher utilization of NMC811. Figure 6f shows
the cycling stability of the full cells with and without Li6MnO4 ad-
ditive. Notably, the cell with Li6MnO4 additive exhibits improved
cycling performance compared to the control group. This result
highlights the effectiveness of our Li6MnO4 as a sacrificial cath-
ode additive.

3. Discussion

In this study, we performed a computational screening for sac-
rificial cathode additives for Li-ion batteries. Li6MnO4 was iden-
tified as a potential sacrificial cathode additive with inexpensive
metal price and high capacity. Although Li6MnO4 has previously
been synthesized,[20,32] the synthesis product contained substan-
tial amounts of Li2O and MnO impurities. Our study demon-
strates that rapid cooling and Li excess in the precursor mix-
ture lead to increased purity of Li6MnO4 (up to ≈85% by weight),
accompanied by a Li2O impurity. Our calculations indicate that
rapid cooling is needed because Li6MnO4 is metastable with re-
spect to decomposition at room temperature. It is not yet fully
understood why Li excess is needed to improve the purity of
Li6MnO4; however, we speculate that it promotes reactivity be-
tween the precursors (Li2O and MnO) at low temperature owing
to the high mobility of Li ions.
During the charging process of Li6MnO4, oxygen oxidation

was clearly observed by mRIXS analysis, particularly at 450 mAh
g−1 of charged capacity; however, this feature disappeared at the
top of charge (4.5 V vs Li/Li+). This result likely indicates the irre-
versible oxygen loss (e.g., O2 gas formation) from the crystalline
Li6MnO4. However, DEMS analysis does not show any noticeable
O2 evolution during the charging process. Instead, a substantial
amount of CO2 evolution was confirmed. As the CO2 evolution
can originate from various reasons, it is difficult to pinpoint the
origin of CO2 evolution. However, we suggest that any oxidized
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Figure 6. Electrochemical properties of cells with Li6MnO4 additive. Charge–discharge profiles of a) NMC811 cathode and b) NMC811 with Li6MnO4
additive in a Li metal half-cell. c) Charge–discharge profiles of the SiOx-graphite composite anode in a Li metal half-cell. Charge–discharge profiles of d)
NMC811 cathode and e) NMC811 with Li6MnO4 additive in a full-cell with the SiOx-graphite composite anode. f) Cycling performance of the full cells
with and without Li6MnO4 additive.

oxygen species formed during charging may react with the elec-
trolyte or carbon additive to form CO2.

[40–42]

We further expanded our experimental efforts to synthesize
two additional sacrificial cathode additives among the com-
putationally predicted candidates. We selected two candidates,
Li8TiO6 and Li6NiO4. Figure S7 (Supporting Information) shows
XRD patterns of the synthesized products at varied synthetic
conditions for the target of Li8TiO6 and Li6NiO4. For the syn-
thesis of Li8TiO6, we controlled precursor selection, synthesis
temperature, and Li excess composition. However, the synthe-
sis produced Li4TiO4 with Li2O impurities. When the synthe-
sis temperature reached 1100 °C, the sample was completely
melted. We expect that the Li4TiO4 phase is too stable to trans-
form into the metastable Li8TiO6 phase. Table S1 (Supporting
Information) summarizes the synthesis conditions and products
for the Li8TiO6 target. For the synthesis of Li6NiO4, we selected
Li2O and NiO as precursors and controlled synthesis tempera-
tures and reaction environments. Figure S7b (Supporting Infor-
mation) shows XRD patterns of representative synthesis results
of Li6NiO4 and Table S2 (Supporting Information) summarizes
the synthesis conditions and products for the Li6NiO4 target. No
chemical reactions were observed in the Ar flow conditions up
to 1100 °C. When the synthesis temperature increased up to
1100 °C, the sample was completely melted. On the other hand, a
NiO precursor was completely reduced to Ni metal in the H2/Ar

mixture gas flow conditions up to 1000 °C. At 1100 °C under the
H2/Ar mixture gas flow, an impurity of Li5AlO4 was found. We
suspect that the alumina boat reacted with the Li2O precursor.
The difficulty synthesizing Li6NiO4 likely originated from its high
metastability (energy above Hull: 21 meV atom−1). While com-
putational screening is useful for selecting promising candidate
materials to some extent, it is often challenging to experimentally
realize the predicted materials as demonstrated in our study. In
particular, predicting the synthesizability of new compounds re-
mains a big hurdle to overcome. More efforts need to be devoted
to developing computational techniques to precisely predict syn-
thesizability.

4. Conclusion

Our work suggests several lithium-rich transition-metal-oxide
sacrificial cathode additives through computational screen-
ing and experimentally validates one candidate, antifluorite-
structured Li6MnO4. We discovered that the cooling rate and Li
excess in the precursor mixture play key roles in improving the
purity of Li6MnO4 synthesis. Through synthesis condition op-
timization, this work improves the Li6MnO4 purity up to ≈85
wt.% with Li2O impurity. The synthesized Li6MnO4 delivered
an irreversible Li release capacity of > 700 mAh g−1 by utilizing
Mn2+/3+ and Mn3+/4+ as well as oxygen oxidation, indicating the
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potential of Li6MnO4 as a sacrificial cathode additive. Finally,
we evaluated the Li6MnO4 additive in a full-cell system, which
showed improved electrochemical performance compared to the
control group without Li6MnO4 additive.

5. Experimental Section
Computation Details: DFT calculations: The DFT calculations were per-

formed within the projector augmented wave formalism and generalized
gradient approximation (GGA)[43] functional as implemented in the Vi-
enna ab-initio simulation package.[44] An energy cutoff value of 520 eV
was used. The electronic self-consistent loop and ionic relaxation loop
were converged up to 10−6 and 10−5 eV, respectively. For each candidate
compound, the total energy of each unit cell was computed after remov-
ing lithium one by one until all lithium was removed from the structure.
For each lithium concentration, DFT calculations were performed for three
Li-vacancy enumerations with the lowest Ewald energy[45] and used the
lowest DFT energy structure to build the topotactic voltage profile. Calcu-
lation of the topotactic voltage profiles for the high-throughput screening
was performed after applying the mixing scheme of GGA/GGA+U.[46]

Cluster-expansion Monte Carlo: The cluster expansion (CE) method and
Monte Carlo method were used to investigate the configurational ther-
modynamics of Li6MnO4, where the cation sites can be occupied by
Li+/Mn2+/vacancy. The CE expands the energy of multicomponent dis-
ordered materials as a sum of many-body configurational interactions:

E (𝜎) = J0 +
∑

i

Ji𝜎i +
∑

i,j

Jij𝜎i𝜎j +
∑

i,j,k

Jijk𝜎i𝜎j𝜎k + ⋅ ⋅ ⋅ (1)

where 𝜎i is the occupancy of different species (indicator basis site func-
tion) and J refers to the effective cluster interaction (ECI) using the indica-
tor basis.[47] A CE Hamiltonian was fitted using a training set containing
132 Li6MnO4 structures with distinct orderings. The CE was constructed
with pair interactions up to 7 Å, triplet interactions up to 4 Å, and quadru-
plet interactions up to 4 Å based on the unit cell of the Li2O structure with
lattice parameter a = 4.659 Å. In total, 84 ECIs, including the constant
term J0, were defined and fitted with energies calculated by r2SCAN-DFT
using an 𝓁0𝓁2-norm regularized regression.[48] Readers are referred to the
article by Barroso–Luque et al.[49] for details of CE fitting in ionic systems.
To simulate atomic orderings at equilibrium, canonical Monte Carlo sim-
ulation was used with the Metropolis–Hastings algorithm. Overall, 1000
representative supercell structures (Li1152Mn192O768) were sampled from
the equilibrium ensemble to evaluate the average potential energy E(T) at
finite temperatures. The free energy to form Li6MnO4 was computed as a
relative value with respect to the 0 K configuration using ΔG (T) = E(T)
− TS(T), where the configurational entropy S (T) = ∫ T

0 Cv(T)∕T′dT′ (Cv is
the heat capacity) was calculated as an integral from the ordered Li6MnO4
configuration at 0 K. Smol was used for the Monte Carlo simulations[50]

and pymatgen for the structure processing.[51]

Synthesis of Li6MnO4: Li2O (Alfa Aesar, 99.5%) and MnO (Alfa Aesar,
99.9%) were homogeneously mixed by using a planetary ball mill (PM200,
Retsch) at 250 rpm for 4 h. The ball-milling jar was sealed in an Ar-filled
glovebox to avoid air exposure of the powder. The mixture was pelletized
with a mold with 12-mm diameter. The pelletized samples were annealed
to form the target phase at 950 °C for 12 h under a continuous flow of the
mixed gas (98% Ar, 2% H2), followed by different cooling processes.

Characterization of Li6MnO4: XRD analysis was conducted using a
Rigaku Miniflex 600 equipped with a Cu K𝛼 radiation source. The surface
morphology andmicrostructure of the samples were examined using SEM
(FEI Quanta FEG-250).

Electrochemistry: For the cathode film, Li6MnO4 powder (70 wt.%),
super C65 carbon black (Timcal, 20wt.%)), and polytetrafluoroethylene
(PTFE, DuPont, Teflon 8A, 10 wt.%) were homogeneously mixed with a
mortar and pestle. Themixed composite was then rolled into free-standing
thin films inside an Ar-filled glovebox. Coin-type 2032 two electrode cells
were fabricated using the composite electrode (5/16-inch diameter) con-

taining≈7mg cm−2 of the active material, Li-foil (FMC) counter/reference
electrode, and a glass fiber separator (Whatman, GF/D type). The elec-
trolyte consisted of a 1m solution (99.99%, Solvionic) of LiPF6 in a 1:1mix-
ture of ethylene carbonate (EC) and dimethyl carbonate (DMC). A glove
box (mBraun) filled with high-purity argon (99.999%) and equipped with
oxygen and moisture sensors/absorbers (H2O and O2 content < 1 ppm)
was used for assembling the electrochemical cells. Li-ion half-cells were
subjected to galvanostatic cycling at 10 mA g−1 using an Arbin battery test
instrument for ex situ samples.

For the full-cell testing, LiNi0.8Mn0.1Co0.1O2 (NMC811; MSE supplies)
without Li6MnO4 additive or NMC811 with 10 wt.% of Li6MnO4 additive
was mixed with super C65 carbon black (Timcal), and polytetrafluoroethy-
lene (PTFE, DuPont, Teflon 8A) in 8:1:1 ratio in mass inside an Ar-filled
glovebox. The mixed composite was then rolled into free-standing thin
films inside an Ar-filled glovebox. The total loading of the cathode com-
posite was ≈26 mg cm−2. The SiOx-graphite electrode was fabricated at
Argonne’s Cell Analysis, Modeling and Prototyping (CAMP) Facility, and
comprised 70 wt.% of SiOx (Osaka), 16 wt.% MagE3 graphite (Hitachi),
1 wt.% single-walled carbon nanotubes (Tuball), 1 wt.% of carboxymethyl
cellulose (CMC) and 12 wt.% of an acrylate binder (Battbond 290 S, Blue
Ocean and Black Stone) pasted on a 10 μm copper foil. The CMC was
present in the nanotube dispersion. Total anode coating loadingwas≈3.18
mg cm−2. For the full-cell testing, the N/P ratio was fixed to be 1.0 based
on the first charge capacity of the cathode and the first discharge capacity
of the anode.

In Situ and Ex Situ Characterization: In situ thermal XRD measure-
ments were performed using a Bruker D8 Advance diffractometer with an
Anton Paar HTK 1200N oven chamber. To keep the required scan time low,
diffraction data was collected between a limited range of 2q (10°–60°) us-
ing Cu K𝛼 radiation. These scans were performed twice during each 10min
hold that occurred throughout the heating procedures. A rapid heating
rate of 20° min−1 was employed between each set of scans to minimize
downtime.

In situ-electrochemistry XRD analysis was conducted on a Bruker D8
ADVANCE X-ray diffractometer with Mo-K𝛼 radiation. An in situ cell with a
Be window was cycled at 5 mA g−1 between 4.5 and 2.5 V using a Maccor
potentiostat. The XRD patterns were collected in the 2q ranging from 7°

to 27° every 1 h at room temperature.
The O K-edge RIXS spectra were collected by the iRIXS endstation at

beamline 8.0.1 at the Advanced Light Source, Lawrence Berkeley National
Laboratory. A homemade transfer kit was used to transfer the species from
the Ar-filled glovebox to the measurement chamber to avoid any air expo-
sure to the samples. The RIXS spectra were continuously scanned through
the O-K pre-edge region with the excitation energy step size of 0.2 eV and
dwell time of 90 s. To minimize beam damage, the specimen was repeat-
edly moved up and down by 0.5 mm during measurement, and it was con-
firmed that the spectrumwas well averaged due to the long dwell time. The
collected O-K RIXS spectra were used to create 2D RIXSmaps as functions
of emission and excitation energies. Further processing, including normal-
ization, cosmic ray removal, etc., has been conducted for the 2D map as
used in the previous work.[52]

Operando X-ray absorption spectroscopy (XAS) measurements at the
Mn K-edge were performed in transition mode at beamline 7-BM of the
National Synchrotron Light Source II, Brookhaven National Laboratory. A
Si (111) monochromator was used to select the incident beam energy. A
Rh-coated mirror was applied to obtain harmonic rejection. For the ex situ
samples, the cathode was prepared in the same way as described in the
electrochemistry section and was charged to different SOCs in a coin cell.
The cells were disassembled and the cathode films were washed in DEC
solvent in an Ar-filled glovebox. To calibrate the energy, the spectra of Mn-
metal foil was simultaneously measured. Normalization and calibration of
raw data were performed by Athena software.[53]

Custom-built Swagelok cells were used as described
previously.[54–56]The anode was 11-mm Li foil, and the cathode was
a Li6MnO4 electrode. The separator was composed of one sheet of quartz
fiber filter paper (Whatman QM-A) on the Li-metal side and one sheet
of polypropylene (Celgard 2500) on the Li6MnO4 side. The electrolyte
was 1 m lithium hexafluorophosphate (LiPF6, BASF) in 1:1 (vol) mixture
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of ethylene carbonate (EC, Gotion):dimethyl carbonate (DMC, Gotion),
and the electrolyte loading was 60 μL cm−2. After assembly in an Ar-filled
glovebox, the hermetically sealed, custom-built Swagelok cells were
appropriately attached to the DEMS apparatus to avoid air exposure.
The custom-built DEMS instrument and its operation was described
in previous publications.[54–56] The cells were cycled on a Bio-Logic
VSP-series potentiostat under positive Ar pressure (≈1.2 bar). For all the
DEMS experiments, each cell was charged at a constant current of 10 mA
g−1 to an upper cut-off voltage of 4.5 V versus Li/Li+ and subsequently
held at the upper cutoff voltage for 5 h. After charging, the cell was
discharged at a constant current of 10 mA g−1 to a lower cut-off voltage
of 2.5 V versus Li/Li+. Throughout the experiment, the cell headspace
was purged with 500 μL of Ar by the DEMS instrument every 30 min, and
any accumulated gases were swept to the mass spectrometer chamber
for analysis. The apparatus was calibrated for O2, CO2, and H2 in Ar,
allowing for the determination of the partial pressures of each analyte.
The amount of each gas evolved was then quantified using the known
volume, temperature, and partial pressure of the gas in each sample
using the ideal gas law.

A Kratos Axis Ultra fitted with a monochromated Aluminium source
(K𝛼 = 1486.6 eV) was used for collecting the X-ray photoelectron spectra.
Survey spectra were acquired employing a Pass Energy of 160 eV. High-
resolution, core-level spectra for all elements were acquired with a Pass
Energy of 20 eV. All spectra were referenced against the C1s peak at 284.5
eV to compensate for charging effects during acquisition.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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