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Stacking-Fault Enhanced Oxygen Redox in Li,MnO;
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Xuyong Feng, Ivan Hung, Zhehong Gan, Alexander Urban,* and Yan-Yan Hu*

Lattice oxygen redox yields anomalous capacity and can significantly increase
the energy density of layered Li-rich transition metal oxide cathodes, gar-
nering tremendous interest. However, the mechanism behind O redox in
these cathode materials is still under debate, in part due to the challenges

in directly observing O and following associated changes upon electro-
chemical cycling. Here, with 7O NMR as a direct probe of O activities, it is
demonstrated that stacking faults enhance O redox participation compared
with Li,MnO; domains without stacking faults. This work is concluded by
combining both ex situ and in situ 7O NMR to investigate the evolution

of O at 4i, 8 sites from monoclinic C2/m and 6c(1), 6¢(2), 6¢(3) sites from
the stacking faults (P3,12). These measurements are further corroborated
and explained by first-principles calculations finding a stabilization effect of
stacking faults in delithiated Li,MnO;. In situ 7O NMR tracks O activities
with temporal resolution and provides a quantitative determination of revers-

Ni, Mn, Co, represent state-of-the-art.

The structure of Lirich compounds
derives from that of layered LiMO, (hexag-
onal cell, space group R-3m) by a progres-
sive Li* substitution for M*" and charge
compensation with increased valence state
of the remaining M elements (M = metal
species).l

Li-rich materials feature a voltage pla-
teau observed around 4.5 V during the
1st charge process, in which, the initial
capacity significantly increases beyond the
theoretical transition-metal redox capacity.
Many have made the distinction that the
participation of lattice O accounts for
this extra capacity, at least part of which
is attributed to reversible oxidation and

ible O redox versus irreversible processes that form short covalent O—O
bonds. This work provides valuable insights into the O redox reactions in Li-
excess layered cathodes, which may inspire new material design for cathodes

with high specific capacity.
1. Introduction

Rechargeable Li-ion batteries (LIBs) are the leading energy
storage technology for portable electronics and electric vehicles.
The energy density of the present generation of Li-ion batteries
is limited by the positive electrode (cathode). Layered manga-
nese (Mn)-based Li-rich cathode materials, with the general
formula xLi,MnO;«(1-x)LMO, with M being the combination of
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reduction of O%~ ions in the bulk.**! The
exciting prospect of utilizing such revers-
ible oxygen redox to increase the energy
density of LIB cathodes has spurred many
investigations.*>) However, this over-
charging beyond the TM redox capacity
typically leads to rapid capacity fading and
the continuous morphing from a once layered structure during
subsequent cycles. Ultimately, these phenomena prevent this
class of materials from being broadly commercialized.

O redox participation plays a significant role in the extra
capacity of Li excess materials and similar TM containing com-
pounds such as layered sodium transition metal oxides/®! and
some 4d/5d transition metal oxides.'"3 Although the electro-
chemistry of Li-rich materials has been characterized by various
techniques, a complete picture of the interplay among struc-
ture, composition, and oxygen redox is still elusive. In addition,
investigations on the mechanism of oxygen redox will facilitate
critical understanding of other anion redox chemistry currently
exploited for energy storage and conversion.

Both experimental studies and first-principles density func-
tional theory (DFT) modeling have been employed to provide
insights into oxygen redox and structural dynamics. Early work
on Li)MnO; and other types of Ni-containing, layered Li-rich
materials has shown that lithium intercalation and deintercala-
tion may trigger transition metal (TM) migration and O, gas
evolution.18l Isotope labeled O, gas originating from lattice
oxygen was successfully detected by operando gas chromato-
graphy-mass spectrometer (GC-MASS).”] The O redox mecha-
nism was investigated using various techniques that include
X-ray photoemission spectroscopy (XPS),® soft X-ray absorp-
tion (XAS),l and electron energy loss spectroscopy.?l However,
the capability of these techniques for probing O valence states

© 2022 Wiley-VCH GmbH
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is limited by surface sensitivity since it is challenging to disen-
tangle signals from the bulk and the surface. Operando electron
paramagnetic resonance (EPR) was employed to determine the
TM redox together with an indirect measurement of O redox.l!
High-resolution resonant inelastic X-ray scattering (RIXS) sug-
gested the formation of peroxo-like O—O bonds or hole states
on 0% Moreover, the highly reversible O redox (=76%) in
Li; 17Nig 21Cog 0sMng 540, was examined by RIXS.[2l Recently,
Chueh and co-workers conducted simultaneous RIXS and XAS
measurements on Li-rich layered oxides and revealed the rela-
tionship between the charge compensation mechanism and
structural disorder.?*?4 Based on recent experiments probing
atomic vibrations with high resolution, Bruce and co-workers
proposed that O, molecules can be trapped in the bulk and may
be reduced back to lattice O~ upon discharge.?>! On the other
hand, first-principles calculations have also identified possible
O species with intermediate valence states and their relation-
ship with TM redox.['*2*24 Computation work indicated the for-
mation of peroxide-like O—O bonds through localized electron
holes on oxygen 2p orbitals in some Li-rich cathode mate-
rials, 2%l leading to unstable oxygen intermediates and eventu-
ally molecular 0,.”1 O redox can be promoted by orphaned O
2p states of linear Li~O-Li motifs in Li-rich compositions.2%l
Cation defects and electron deficiency have also been argued to
be key factors for O redox.”’l Recently, based on their computa-
tional studies, Van der Ven and co-workers proposed a two-step
oxidation mechanism involving both Mn and O and the forma-
tion of a delocalized 7-bonded state hybridizing a ring of Mn-d
and O-p orbitals.[?82°]

Directly probing O local environments and quantification
of lattice O redox activities are a challenge for commonly used
techniques. Nuclear magnetic resonance (NMR) has been
proved to be a suitable tool for noninvasively determining Li/
Na local environments and their evolution during electro-
chemical operation.3%32 However, due to large quadrupolar
coupling interactions and low natural abundance (0.037%) of
NMR-active 7O (spin -5/2) isotope, solid-state 7O NMR shows
low sensitivity with poor resolution. 7O-isotope enrichment is
often required for sensitivity enhancement. Fast magic-angle-
spinning (MAS) or multiple-quantum MAS (MQMAS) NMR
experiments at high magnetic fields are usually employed for
achieving high resolution. In paramagnetic materials such
as transition metal oxide cathode Li,MnOs3, in addition to the
quadrupolar coupling interactions of O, interactions between
70 and unpaired electrons in Mn* serve as another major
source to produce very large shift anisotropy and result in over-
lapping spinning sidebands (SSBs) in YO NMR spectra, even
at ultrafast MAS conditions.?” Only a few reports are available
on paramagnetic O NMR studies!>**l since the 1st paper on
YO NMR was published in 1983.3% Recently, Grey and
co-workers determined the local structures of an ionic-electronic
conductor La,NiO, £*! and pristine cathode Li,MnO;P*% using
7O NMR. To obtain high-resolution spectra for reliable assign-
ment and quantification, projection magic-angle-turning phase-
adjusted sidebands separation (pjMATPASS)* was employed.

In this work, to probe the changes of various O species in
Li,MnOs3, ex situ YO pjMATPASS NMR was first performed
on the VO-enriched Li,MnO; cathodes at different states of
charge. The well-resolved pjMATPASS spectra allow quanti-
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fication of different O sites and their redox activities in both
the ideal (C2/m) and stacking fault (SF, P3;12) Li,MnO; struc-
tures,*”) respectively. To follow O evolution during the electro-
chemical cycling, in situ YO NMR experiments were carried out
with the quadrupolar Carr—Purcell-Meiboom-Gill (QCPMG)*!
pulse sequence for enhancement in sensitivity and temporal
resolution. To better understand the origin of the experimen-
tally observed varied redox reactivity and reversibility of O sites
in Li;MnOj; cathodes, DFT calculations were performed on
Li,MnO; with different degrees of stacking faults. The com-
bined experimental and theoretical investigation reveals that
O at the stacking faults participates more actively in redox
reactions with higher reversibility, compared with O sites in
stacking fault-free Li;MnO;. The enhanced O redox activities at
stacking faults are facilitated by stabilized Li, ,MnOj; (SF, P3,12)
structures.

2. Results and Discussion

2.1. Structural Information

The structure of layered-Li,MnO; with the C2/m space group
is shown in Figure 1a, which can be viewed as an alternating
stacking of Li and Li;;3sMn, 3 layers along the c-axis (Figure 1b).
Stacking faults (SFs) often occur along the ¢ direction, and
stacking of the Li;;3Mn,;; with a P3;12 space group has been
proposed as the model for describing SFs in Li,MnO;.3%#1 As
seen in Figure 1c,d, the stacking in the ideal Li,MnOj; struc-
ture? is accompanied by an accumulating shift parallel to
the cation layers, whereas the SF structure exhibits a threefold
screw axisB3?# that does not give rise to a net lateral shift. O
sites in Li,MnOj are all sixfold coordinated with two Mn and
four Li atoms in structures with and without stacking faults,
however, the Mn—O distance in these octahedral sites differs,
which makes them distinguishable via O NMR. As seen
in Figure le-g, a slight adjustment of the Mn-O distance is
observed for O sites of SF-Li;MnO; compared with the ideal
structure without stacking faults. The Mn-O distance for 6¢
[1] sites in SF-Li;MnO; becomes asymmetric with a slightly
increased average value, compared with O(4i) sites in the SF-
free Li;MnO;, while the opposite trend is observed for the 6¢
[2] and 6c [3] sites in the SF-Li,MnOj structure compared with
O(8j) sites in SF-free Li;Mn0;.32 These changes, albeit small,
have a significant impact on O redox and evolution during
lithiation and delithiation of SF-Li,MnOj3, as observed and dis-
cussed below. For convenience, Oy and Og; are used to indicate
O at 4i and 8j in Li,MnOs, respectively, and Ogp ey, Osr ez,
and Ogp 3 are used for the corresponding 6c[1], 6¢[2], and
6¢[3] sites in SF-Li,MnOs; hereafter.

70 NMR can serve as a direct probe to O local structural
environments and dynamics. However, YO NMR is often very
challenging due to low sensitivity and low resolution. In this
study, sensitivity is enhanced by VO-isotope enrichment and
data acquisition in a high magnetic field of 19.6 T. The spec-
tral resolution of YO NMR of paramagnetic materials such
as Li,MnOj; is mainly compromised by anisotropic paramag-
netic interactions on the order of MHz including hyperfine
and pseudocontact interactions, in addition to chemical shift
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Figure 1. a) Schematic of Liy3Mn,;; “honeycomb” (001) layer and b) ideal layered structure of Li;MnOs. Stacking sequence of the “honey-comb”
(LiysMny3) transition metal (TM) layers in c) ideal and d) stacking-fault (SF-) Li,MnO;. e) High-resolution YO NMR of pristine Li,MnOs. O coordina-
tion environments and bond lengths of O at 6c(1), 6¢(2), 6¢(3) sites (SF-Li,MnO;, space group: P3;12) and 8j, 4i sites (ideal Li,MnO3, space group:

C2/m) are also shown.

anisotropy and quadrupolar interactions resulting in extremely
broad peaks shifted far away from 0 ppm. As shown on top of
the 2D spectrum in Figure Sla of the Supporting Information,
the VO MAS NMR of Li,MnOjs acquired with a stimulated echo
method presents a spectrum spanning over 4000 ppm. The
large shift anisotropy, manifested as manifolds of SSBs overlap-
ping with isotropic peaks, is due to strong paramagnetic inter-
actions between unpaired electrons from transition metal Mn*
ions and VO nuclear spins. To achieve the highest resolution
for site identification and quantification, the pjMATPASSI2
technique is applied to separate different orders of SSBs. Spec-
tral shearing along the F2 dimension aligns all SSBs at their
isotropic positions and the projection presents the purely
isotropic spectrum with significantly enhanced sensitivity
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(Figure S1b, Supporting Information; Figure 1le). Five YO NMR
peaks are resolved, resonating at 1700, 1840, 2180, 2280, and
2340 ppm, respectively. These are attributed to two different O
structural environments in Li,MnO; and three in SF-Li,MnO;
as discussed above. YO NMR shifts are mainly determined by
the hyperfine interactions between the unpaired electron spins
of Mn*" and O nuclear spins, which are thus very sensitive to
Mn-O distance. Shorter averaged Mn-O distances in this case
will yield stronger hyperfine interactions, thus larger shifts of
the resonances from 0 ppm. Therefore, based on the analysis of
the Mn-O distances (Figure le) in Li,MnOj; structures with and
without stacking faults, the resonances at 1840 and 2180 ppm
are assigned to Oy and Og; respectively, and resonances at
1700, 2280, and 2340 ppm are from Ogpgey, Osroez, and

© 2022 Wiley-VCH GmbH

85UB017 SUOWILLIOD BAER1D 3|eotidde U3 Aq peue0B 812 SaPILe VO '8N 4O SBNI 104 ARRIGIT BUIIUO 8|1 UO (SUORIPUOD-PUR-SWIBIALIOD™AB| 1M ARRC] B UO//SUHU) SUORIPUOD PU. SWI L 3U3 88S *[202/20/8T ] U0 ARIgIT8UIIUO /BIIM ‘81100 AISIBAIUN BTRIS BPLIOIS - NH UR A-UR A A /21002202 WUSe/Z00T OT/I0P/L0D" A8 1M Aseiq 1 [Bu U0/ SUY W1y pepeojunmod ‘8T ‘2202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

pristine

—~~
Normarlized 7O integral =

3000 2000 1000
70 shift (ppm)

www.advenergymat.de

© o o =
. 2.9

0.6

Charge
48 <
a{44
2o 8j 4.0 =5
.---®136
- >
.32 5
%, 6¢[2][3] 2.8'%
R 243
' 6,0[1]. :’ . 5 S
0 40 80 120160 200240 280
Specific capacity (mAh/g)

Figure 2. Evolution of various O sites in Li,MnOj; upon electrochemical cycling probed by high-resolution 7O NMR. a) High-resolution YO NMR
spectra of Li;MnO; electrodes at different states of charge, revealing changes of O sites with electrochemical cycling. b) The corresponding normalized
quantification based on spectral areal integrals, along with the electrochemical profile.

Osr 63, Tespectively.??) With the signatures of various O sites
in Li,MnOj; identified in 7O NMR, it is possible to follow the
evolution of different O local environments in Li,MnOs; upon
electrochemical cycling.

2.2. Ex Situ 7O NMR of Li,MnO; at Different States of Charge

To follow redox activities of different O sites in Li,MnO; upon
electrochemical cycling, VO pjMATPASS NMR is performed on
Li,MnO; cathodes charged to 4.4, 4.7, and 5.0 V, together with
one discharged to 2.0 V. These representative states are chosen
for the following reasons: complete oxidation of residual Mn3*
to Mn*" occurs at 4.4 V; the quasi-plateau accompanied with O
redox ends at 4.7 V, and top of charge is at 5 V. As shown in
Figure 2, upon charge, all the peaks in the O NMR spectra
become much broader, suggesting increased structural dis-
order upon cycling. All O NMR resonances exhibit decreased
areal integral, and among them, the reduction in Ogg e
Osr 6ciz;, and Og 6(3) Tesonances is most prominent, up to 37.2%
at the top of the charge. In comparison, the reduction of the
O4 and Og; NMR resonances is less than their counterparts
in SF-Li;MnOs;, i.e., Oy versus Ogp g, and Og; versus Ogp gy
and Ogp g3- In addition, the O sites with shorter Mn-O dis-
tances (Og) see more decrease in 7O NMR than those with
longer Mn-O distances (Oy). Upon discharge, the intensity
of VO resonances increases but does not fully recover to their
pristine states. Quantitative analysis is carried out based on the
areal integral of each O resonance. Upon charge to 4.4V, O at
all sites remains nearly constant. This short period is mainly
related to the oxidation of residual Mn*" to Mn*". From 4.4 to
5.0 V, the signal of all O sites decreases significantly, which is
attributed to O~ oxidation, accounting for the extra capacity
as commonly perceived."> Between 4.4 and 5.0 V, Ogg g,
OsF 6cj2p and Ogg g3 show similar and faster decay compared to
04 and Og;, indicating O at these stacking faults is more active.
It is worth noting that a minor VO component (Figure S2, Sup-
porting Information) at =1700 ppm shows up at 5 V but dis-
appears upon lithiation, the origin of which is not clear. Upon
discharge, partial recovery of YO NMR signal loss for O, Og,
and Ogg g sites is observed. Compared to the O amount in the
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pristine sample before electrochemical cycling, at the end of
the first charge—discharge cycle, O4 recovers to 91.6%, Og; to
82.0%, and Ogpg. to 75.8%. To evaluate the reversibility of O
redox activity, only participating O sites should be considered.
For instance, the participating Og; is =23.2% and the recov-
ered Og; is 5.2% of total Og;, thus the Og redox reversibility is
5.2%/23.2% = 22.4%. Compared with Og; O,; has a lower partic-
ipation rate of 16.4% but the recovery is =8.0% of the total Oy;,
thus the redox reversibility is 8.0%/16.4% = 48.8%. This may
be because Og; locates within Mn-concentrated domains with
shorter Mn—-O distances while O resides within Li domains
with longer Mn-O distances. Electron delocalization may occur
between Mn and Og;, thus Mn redox likely activates and desta-
bilizes Og;.1%°] For the corresponding SF sites, i.e., O 6y and
Osrec2,3p the redox reversibility is 13.9%/372% = 374% and
10.5%/34.6% = 30.3%, respectively. The Ogg 4. sites exhibit both
relatively high O redox activity and reversibility.

2.3. Stacking Faults and Their Stabilization Effects
2.3.1. Quantification of Stacking Faults with Ex Situ 7O NMR

In light of the finding that O in SF-Li,MnO; more actively
participates in O redox, Li,MnO; with different amounts of
stacking faults are prepared and further investigated. The
fraction of stacking faults in Li;MnOs3 is known to depend on
the synthesis temperature. Lower calcination temperature
introduces more structural defects of Li;sMn,;; planes along
the c-axis, which has been well characterized by diffraction
methods.B**#] Li,MnO; with different degrees of stacking
faults are synthesized at 700 and 900 °C, respectively. Figure 3a
shows the 1st charge-discharge profiles of a Li,MnO;/Li bat-
tery. Lower annealing temperature at 700 °C delivers a charge
capacity of 145 mAh g~! and a discharge capacity of 124 mAh g},
corresponding to =0.63 Li removal and 0.54 Li reinsertion and a
coulombic efficiency of 86%. By contrast, Li,MnO; prepared at
900 °C only shows a charge capacity of 101 mAh g and a dis-
charge capacity of 66 mAh g7, yielding a coulombic efficiency
of 65%. The additional capacity obtained in the 700 °C-sample
upon charge occurs mainly near 4.5 V, which is associated with
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Figure 3. Comparison of the a) electrochemical profiles and b) 7O NMR spectra of Li,MnO3 prepared at 700 °C (red) and 900 °C (black), respectively.
The O at% within SFs, 15% versus 27%, shown in (b) are calculated based on the peak areal integrals of the corresponding 7O NMR resonances for
Oskecpi,2,3 @s marked with the dashed rectangle, over the total spectral areal integrals.

O redox processes. The amount of stacking faults in these two
samples is quantified with high-resolution YO NMR as shown
in Figure 3b. Based on the areal integrals of the YO NMR reso-
nances, Og[1], [2], and [3], and total spectral areal integral, the
fraction of stacking faults is 27% in the sample prepared at
700 °C, compared with 15% for the sample prepared at 900 °C.
These results further suggest that stacking faults promote O
redox in Li,MnOj.

2.3.2. Stabilization Effects of Stacking Faults Revealed by DFT
Calculations

To better understand the impact of SFs on the redox mecha-
nism, we performed a computational delithiation of ideal
and SF-Li,MnOj; structure models using DFT calculations as
detailed in the Experimental Section. The SF-Li,MnOj; struc-
ture model with space group P3;12 was constructed using a
reference.’”) The stacking sequence of the Li;;;Mn, 3 layers in
both structures is schematically shown in Figure 1c,d and the

—~
(Y
~

O Liin Lilayers
* LiinTM layers

b
o
S

Formation Energy (eV/ Li,MnO,)
o
o
o

-0.50 Overall \\
O Ideal Li,MnO,
-1.00 € SFLi,MnO,
0.0 0.5 1.0 15 2.0
xin Li, MnO,

atomic structures are displayed in Figure S3 of the Supporting
Information.

Figure 4a shows an analysis of the relative formation ener-
gies of the ideal and SF-Li;MnOj; structures. The formation
energy of SF-Li,MnOj; is only 1.6 meV/Li,MnO; above the
ideal structure. This small energy difference is in good agree-
ment with the high SF concentration found in the experiment
(Figure 3). As seen in Figure 4a, the SF-Li,MnOj; structure is
energetically preferred for intermediate Li contents, as implied
by lower formation energies compared with ideal Li,MnOs for
x < 1.86 in Li, ,MnO;. This stabilization can be attributed to
a distortion that the structure undergoes when Li is extracted
from the Li;;3Mn,;; layer. The neighboring (vacancy;sMn,)s)
planes shift relative to each other such that the Li vacancies
are exactly aligned in the direction of the c-lattice vector. This
local distortion creates highly stable Li sites in the Li layer
that are only coordinated by vacancies and not by any cations
(Figure S4, Supporting Information). Such a distortion is not
possible in the ideal Li,MnOj; structure because of the lateral
translation of the Lij;3Mny;; planes (Figure 1c). To further

(b) Specific capacity (mAh/g)
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;" 4.0 = Experimental
>
2 501 27%sF T
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Figure 4. a) Formation energy convex hull construction predicted by SCAN+rVV10+U calculations including configurations based on the ideal Li,MnO;
structure (blue circles and solid line) and the stacking-fault (SF-) Li,MnOj structure (black crosses and dashed line). The overall convex hull based on
both ideal and SF structures is highlighted with a thick orange line. Arrows indicate the energy difference between structures in which the Li sites within
the Mn layer are occupied (star symbols) and those in which the Li atom has migrated to the Li layer (hexagon symbols). b) Calculated voltage profiles
as predicted by SCAN+rvv10+U calculations for Li extraction from Li,MnO; with the two different stacking-fault concentrations seen in NMR, 15%
and 27%, respectively. Experimental voltage profiles of Li;MnOj3 prepared at 900 and 700 °C are plotted as a reference.
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quantify the stabilization associated with the distortion of the
SF structures, the energy differences between structures with a
Li atom in the Li;;3Mn,;; and with Li vacancies in the Li; sMn, 3
plane are indicated by arrows in Figure 4a.

Due to the stabilizing effect of SFs for delithiation, deeper
delithiation can be induced in SF-Li,MnO; upon charge at rela-
tively low voltages compared with ideal Li,MnO;, yielding addi-
tional capacity. Figure S5 of the Supporting Information shows
the equilibrium voltage profiles calculated from the formation
energies of Figure 4a. The potential for Li extraction from the
SF structure is =0.2 V lower than that for Li extraction from
the ideal Li,MnOj; structure until 1.5 Li have been extracted,
which means that delithiation occurs first at the stacking faults
(plateau at =4.6 V in the calculated profiles). The ideal Li,MnO,
domains start to be delithiated only after 75% Li has been
extracted from the SF domains of the material. Figure 4b shows
the calculated equilibrium voltage profiles for the two Li,MnO;
with different SF concentrations characterized above (Figure 3b).
As seen in Figure 4b, the predicted length of the low-voltage (SF)
plateau is in excellent agreement with the experimental voltage
profiles and corresponds to the additional charge capacity that
is observed with increasing SF concentration. Deeper delithia-
tion of SF-Li,MnO; requires commensurate oxidation of 0%,
echoing with the observed increased O redox activities in
SF-Li,Mn05.10

The structural motifs that form upon delithiation of ideal
and SF-Li;MnOj; are shown in Figures S6 and S7 of the Sup-
porting Information. As seen in the figures, our calculations
predict that oxygen oxidation leads to the formation of O—O
(“peroxo”) bonds and, as a consequence, the closure of the Li
layer from initially =2.6 A to only =1.4 A. Such a collapse of the
interslab distance is a known degradation mechanism in other
layered cathode materials,#] and is likely irreversible also in
Li,MnO;, leading to capacity loss.

We note that our results for the ideal Li,MnOj; are con-
sistent with previous computational work. Van der Ven and
co-workers reported the delithiation phase diagram of Li,MnO,
both assuming static Mn and assuming Mn migration.?*4¢l We
investigated partial delithiation during the first charge and our
NMR measurements did not show evidence for Mn migration,
therefore the static Mn case became relevant. Xiao et al. also
investigated Li extraction from Li,MnO; using DFT and lattice
model simulations choosing half-delithiated Li;MnOs; as a for-
mation-energy reference,’l however, both our calculations as
well as other computational studies!?*#¢# predict this composi-
tion to be thermodynamically unstable.

2.4. Tracking O Activities with In Situ 7O NMR

The combination of high-resolution 7O NMR and computation
has shed new light on the origin of excess capacity observed in
Li,MnO;3, showing that O redox is facilitated by deeper delithi-
ation within the domains of stacking faults. To track O redox
closely in Li;MnO; cathodes upon charge and discharge against
Li anodes, in situ YO NMR is employed to monitor the O local
structural changes in real time during electrochemical cycling.
To enhance the sensitivity and ensure broad spectral excita-
tion, in addition to VO-enrichment of the Li,MnO; electrodes
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at 850 °C, in situ YO NMR was acquired using the qCPMG[*
method at a high magnetic field (19.6T). It is worth noting that
the temporal resolution in an in situ acquisition is gained with
the sacrifice of spectral resolution due to the challenges associ-
ated with spinning the battery cell. The in situ static YO NMR
spectrum of a pristine Li,MnOj3/Li cell is shown in Figure 5a;
three resonances can be partially resolved, assigned to solid-
electrolyte interphase (SEI, 0 ppm), 4i/6¢[1] (centered around
1700 ppm), and 8j/6¢[2,3] (centered around 2200 ppm) sites,
respectively. The SEI component accounts for 0.8% of total O
and grows with cycling up to 1.5%. The intensity of the VO
resonances from Li,MnO; oscillates following the charge and
discharge processes.

The full set of the in situ YO NMR spectra on a Li,MnOs/
Li cell over the first two charge-discharge cycles and detailed
quantitative analysis results are displayed in Figure 5b,c, and
Figure S8 (Supporting Information), along with the corre-
sponding electrochemical profile. During the 1st charge, 0.22 Li
is extracted per Li,MnO; unit and 0.12 Li is reintercalated upon
discharge. In the 2nd cycle, 0.31 Li is extracted from Li,MnO,
and 0.22 Li is reintercalated. Increased capacity following the
1st activation cycle was also observed for Li,MnOj; in previous
reports.2* The specific capacity obtained here is not opti-
mized to the best reported values in the literature due to the
limitation of the battery cell containers required for the in situ
NMR characterizations. Nevertheless, the in situ studies pro-
vide additional insights beyond the conclusions drawn from
ex situ characterizations and the nondestructive nature of the
experimental setup affords reliable quantitative analysis.

At the beginning of the charge, only a small amount of
0.01 Li is extracted below 4 V, accompanied by the oxidation
of residual Mn**—>Mn*, echoing with our previous operando
EPR studies on Li,MnO;.?! This result is also in good agree-
ment with the expectations since the Mn ions are formally in
a 4+ oxidation state in pristine Li,MnOj;. Upon further delithi-
ation to 4.5 V, the electronic structure of Li,MnO; continues to
exhibit similar features as Na,Mn;0,2428294] and has the same
symmetry and energy-level splitting behavior as the 7(Mn-0O)
process in Na,Mn;0,%%! Electrons are likely extracted from the
delocalized 7(Mn-0) system of Mn-d and O-p orbitals, echoing
with the increase in Mn valence states observed from oper-
ando EPR.?U By contrast to Na,Mn;0,, the 7-systems in the
Mng-rings of Li,MnOj; overlap,?” the voltage of the mredox
increases to 4.7—4.8 V once more Li is extracted, which is accom-
panied by oxygen redox participation, i.e., 0%~ oxidizes to form
0," (n =3, 2, 1, and/or 0), explaining the absence of changes
observed on Mn in our operando EPR studies.’!] A previous ex
situ investigation showed that O,>~ does not readily form for
Mn-based cathodes.”] O, is strongly paramagnetic when n =1
and 3, which will render O," likely unobservable in YO NMR
and also cause fast relaxation of YO magnetization from sur-
rounding 0%, due to strong coupling between unpaired elec-
trons in O," and nearby O nuclear spins. Accordingly, as seen
in Figure 5¢, a gradual decrease in 7O NMR signal is observed
between 4 and 4.5 V, especially around 4.5 V, corresponding to
m(Mn-0) redox. This is followed by a slightly steeper decrease
in the YO NMR signal, due to both 0% loss and the yielded par-
amagnetism. With Li reintercalation upon discharge, electrons
are injected into the 7(Mn-0) system, resulting in an increased
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Figure 5. a) In situ O NMR for tracking O activities in Li,MnO3.”O static CPMG NMR spectrum of a Li,MnOs/Li half-cell battery before cycling.
b) The full set of the in situ YO NMR spectra of the same Li,MnOs/Li half-cell battery as a function of specific capacity. c) Quantification of total YO
NMR signal from the Li,MnO; cathode during cycling and the proposed redox mechanism based on areal integrals of the in situ O NMR spectra
shown in (b) and operando EPR.12

70O NMR signal and a decreased Mn** seen in EPR.?! Below  loss of YO NMR signal after the first cycle is nearly 7%. At the
4.0 V, Mn* ions are reduced to Mn**, and an increased VO NMR  beginning of the 2nd charging process, Mn*" is first oxidized
signal is observed at the end of discharge. The total irreversible ~ to Mn*" from 2.0 to 4.0 V followed by electron extraction from
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the Z{Mn-0) system, both of which reduce the YO NMR signal.
The high potential near the top of charge again promotes O%"
oxidation to form O,"", leading to a steeper decrease in the VO
NMR signal. The 2nd discharge shows a similar trend as the
1st discharge. However, due to the activation process of the 1st
cycle, a higher specific capacity is observed for the 2nd cycle,
which is attributed to reversible 7(Mn-0) and Mn**/* redox.
Another 5% total loss in 7O NMR signal is seen at the end of
the 2nd charge-discharge cycle, due to irreversible O redox, i.e.,
0, evolution and SEI formation which transfers 7O from para-
magnetic Li;MnO; to diamagnetic oxides. Overall, the in situ
70O NMR combined with prior operando EPR studies?! reveal
that reversible O redox in Li,MnOj; requires at least apparent
participation of Mn, maybe via the formation of 7(Mn-O) com-
plex involving Mn-d and O-p orbitals. It is worth noting that
this does not eliminate the possibility of a two-step oxidation
mechanism, involving individual oxidation of O or Mn first fol-
lowed by fast (>1071° s7!) consolidation of electrons in the delo-
calized 7(Mn-0O) system.

3. Conclusion

The O activity in Li,MnO; cathodes during electrochemical
cycling is directly probed using high-resolution and in situ 7O
NMR. Different O sites in Li,MnO; with and without stacking
faults have been identified and quantified, and their redox
processes are monitored. O in SF-Li,MnO; participates more
actively in redox reactions compared with O in SF-free Li,MnOj.
First-principles calculations unveiled that stacking faults stabi-
lize partially delithiated-Li,MnO;, leading to deeper delithia-
tion of SF-Li;MnO; at lower charging potential compared with
SF-free Li)MnOs;, consistent with the experimental findings.
Deeper delithiation increases the amount of O participating
in the redox reactions. Aggressive delithiation of SF-Li, ,MnOj;
beyond x > 1.75 in SF domains leads to irreversible formation
of peroxo O—O bond. In addition, in situ YO NMR closely
tracks O activities with an improved temporal resolution,
which helps quantify reversible O redox reactions involving the
m(Mn-0) complex with delocalized electrons, irreversible O—0O
bond formation, and SEI formation. Since the O redox mecha-
nism in high-voltage cathodes is still under debate, 7O NMR
provides useful information about the redox activity of different
O sites and allows discerning reversible from irreversible O
redox. In addition, the gained insights, especially the promo-
tion of O redox participation by stacking faults via stabilization
effects, point toward new strategies for activating anion redox
in Li-cathodes.

4. Experimental Section

Synthesis of Li,MnOs: Li;MnO; was synthesized using a solid-state
reaction method from precursors LIOH and MnCO; with a molar ratio
of LIOH:MnCO; = 2.05:1.00. The mixture of the precursors was first ball-
milled for 1 h, followed by calcination at 700 °C for 24 h.

O-Isotope Enrichment: The VO-enrichment of the as-synthesized
L,MnO; was first dried at 500 °C for 12 h. About 120 mg dried Li,MnO;
powder was placed in a closed quartz tube filled with 70% VO,
(Cambridge Isotope Laboratories) and then heated at 850 °C for 24 h
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to facilitate 7O-'0 isotope exchange. The closed quartz tube with the
enriched sample was naturally cooled down to room temperature before
the VO-enriched powder was harvested.

X-Ray Diffraction Characterization: The crystal structures of Li,MnO;
were determined by X-ray diffraction using a diffractometer (X'PERT Pro
MPD, Cu Ke radiation, A = 0.15406 nm). The diffraction patterns were
recorded at room temperature in the 26 range from 10° to 80°, with a
scan rate of 7° min'.

Battery Fabrication and Electrochemical Cycling: The synthesized
Li,MnO; was mixed with polyvinylidene fluoride (Kynar Flex 2801 from
Arkema) and conductive acetylene black (80 wt:10 wt:10 wt). The mixture
was dispersed in N-methyl-2-pyrrolidone and manually ground in an
agate mortar for 30 min to form a homogenous slurry. The slurry was
cast onto Al foil and Ti mesh to make cathodes for coin cells and in
situ bag cells, respectively. The cathodes were dried at 120 °C for 4 h
under vacuum before being assembled into the batteries in an Argon-
filled glovebox. In the assembled Li-ion CR2032 coin cells, the Li,MnO,
cathode and Li metal anode were separated by a piece of porous glass
microfiber (Whatman, type GF/D) soaked with LP30 electrolyte which
contains 1 m LiPF4 in ethylene carbonate and dimethyl carbonate (1:1,
W/W, Merck). The cells were cycled on LAND within a voltage window
of 2-5 V.

Ex Situ YO NMR: YO MAS solid-state NMR experiments were
performed on a Bruker Avance | spectrometer in a 19.6 T magnetic field
at a 7O Larmor frequency of 112.57 MHz. Samples at different states of
charge were packed into 3.2 mm rotors and spun at 18 kHz. The magic-
angle turning and phase-adjusted sidebands (MATPASS) pulse sequence
was employed to achieve well-resolved NMR spectra for Li,MnO;.2
The recycle delay was 0.1 s and the 90° pulse length was 0.8 us. All 7O
chemical shifts are referenced to liquid H,O at 0 ppm.

In Situ YO NMR: For in situ YO NMR measurements, plastic bag-
cell batteries were assembled in an argon-filled glovebox and placed
inside a home-built static NMR probe. O NMR spectra were collected
while the batteries were cycled at a rate of C/50, with the theoretical
capacity C =458 mAh g7 (assuming all Li ions are completely extracted)
used for Li,MnO;. All in situ YO NMR acquisitions were carried out
on a Bruker Avance | spectrometer in a 19.6 T magnetic field with a
O Larmor frequency of 112.57 MHz. The O spectra were obtained
using a qCPMG sequence for both broadband excitation and enhanced
sensitivity. A 90° pulse length of 1.56 [1s was used with a recycle delay of
0.4 s. The transmission frequency (SFO1) was set at 2000 ppm. Spectra
were processed and analyzed by using Topspin (version 3.5) and Matlab
(version R2014b). Matlab codes were developed for simulating qCPMG
spectra and performing spectral areal integration.

First-Principles Calculations: DFT calculations were performed using
the Vienna Ab initio simulation packagel®®>V with projector augmented-
wave pseudopotentialsP?33 using the spin-polarized generalized
gradient approximation (GGA) by Perdew, Burke, and Ernzerhof (PBE).[>
The electronic wave functions were represented in a plane-wave basis set
with an energy cutoff of 520 eV. The strong correlation of Mn d electrons
was addressed with a rotationally invariant Hubbard U correction.>’]
A Hubbard-U parameter of U = 3.9 eV, previously determined by Jain

et al. 1% was used. I-centered k-point meshes with N; =|max(1,25| b; |)
points in reciprocal direction i were used for the integration of the
Brillouin zone, where b; is the ith reciprocal lattice vector. Self-consistent
field calculations used Gaussian smearing of width 0.05 eV and an
energy convergence criterion of 107 eV. The convergence thresholds
for atomic forces in geometry optimizations was 10 eV A", Delithiated
Li,MnO, configurations of the ideal and stacking-fault structures were
obtained from systematic enumeration of lithium-vacancy orderings in
cell sizes based on 4 and 6 Li,MnO; formula units, respectively. The
results obtained from PBE+U calculations were followed by single-
point calculations using the SCAN+rVV10+U meta-GGA functionall®”58
with U = 2.7 eV to achieve a more accurate estimate of the impact
of oxygen redox, and all data reported in the main manuscript were
obtained from SCAN calculations. All input files for DFT calculations
and the convex hull constructions were generated using the Python
Materials Genomics (pymatgen) toolkit.?>€% Lithium-vacancy orderings

© 2022 Wiley-VCH GmbH

95UB017 SUOWILIOD 9ATE81D) 8|cedldde ay) Aq peusenob afe Sapilie VO ‘SN J0SaIN1 10} Afeuq1]8UUO A1 UO (SUOTHIPUOD-PUE-SWLISIW0D" AS 1M Ale.d] 18U |UO//:SANLY) SUORIPUOD P SWUB | 8y} 88S " [1202/.0/8T] U0 Akeiqiauliuo AS(IM * 31100 AISIBAIUN STEIS BPLIOH - NH Ue A-Ue A Ad 221002202 WUSe/Z00T OT/I0p/L0d™A8 |1 Aeiq1jeul juoy/sdiy wouj pepeo|umoa ‘8T ‘220z ‘0ve9yToT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

were enumerated using the library and methods by Hart et al.lf'-%% as
interfaced with pymatgen.

Supporting Information

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