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Direct Observation of Ordered Oxygen Defects
on the Atomic Scale in Li,O, for Li-O, Batteries

Dongdong Xiao, Shanmu Dong, Jing Guan, Lin Gu,* Shanming Li, Nijie Zhao,
Chaoqun Shang, Zhenzhong Yang, Hao Zheng, Chun Chen, Ruijuan Xiao,
Yong-Sheng Hu, Hong Li, Guanglei Cui,* and Liquan Chen

Lithium-oxygen (Li-O,) batteries have received considerable
attention recently because of their exceptionally high theoretical
gravimetric energy densities compared to the currently avail-
able lithium-ion batteries, which makes them promising for
next-generation electrochemical energy storage. However, many
scientific and technical challenges have not been addressed yet,
which tremendously hinders their practical application; these
include poor rate capability and low round-trip efficiency.>°l
Although the detailed mechanisms of oxygen reaction in
Li-O, batteries have not been well understood, it has been well
established that the net reaction is the reduction of oxygen to
form Li,0, upon discharge and its subsequent decomposition
to release O, upon charge.’") Therefore, the formation of Li,0,
and its corresponding electronic structure and configuration
are expected to significantly influence the discharge and subse-
quent charge voltage profile, the discharge capacity, and the rate
capability. Much effort has been directed toward understanding
the growth and structure of Li,O, to improve the performance
of Li-O, battery.'™! It is found that the discharge product
Li,O, usually displays a characteristic toroidal-like shape with
size up to sub-micrometer when the battery is discharged to
high capacity in stable electrolytes (e.g., ethers and dimethylsul-
foxide (DMS0)).>"17] In addition, a LiO,-like structure was also
detected on the surface of Li,O, by magnetic measurements. 1!
Such superoxide-like structure likely increases the electronic
conductivity of Li,O,, which may facilitate charge transport to
reduce overpotential during charge process, as suggested by
theoretical and experimental research.['®-20] Nonetheless, there
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remains lack of direct knowledge for the atomic-scale surface
structure of electrochemically formed Li,O, particles. In addi-
tion, the nature of Li,0, has also been recently proven to be an
important factor that affected charge potential. The formation
of quasi-amorphous or nanocrystalline Li,O, by controlling the
discharge current rate or introducing catalysts can lead to low-
ered charge potential.['*2122l Thus it can be seen that the defec-
tive Li,O, may display enhanced transport properties, leading to
improved cell performance. However, the look of the structural
defects is not clear. Consequently, the lack of detailed micro-
structure information of the discharge product Li,0,, especially
at the atomic scale, hinders a fundamental understanding of
the mechanism governing the formation and decomposition
of Li,O, particle and the role of catalyst during the discharge/
charge processes of Li-O, batteries.

Here, we carry out a study of the atomic-scale structure of
Li,O, by combining annular bright field scanning transmission
electron microscopy (ABF-STEM) allowing direct observation of
light atoms (e.g., Li, O) at atomic resolution/?>?* with first prin-
ciple calculations. To the best of our knowledge, this is the first
experimental report on the microstructure of discharge product
Li,0, at the atomic scale, which may give new insights into the
relationship between structure of Li,O, and electrochemical
behavior of Li-O, batteries.

The porous cathode in this work consists of Super P carbon
black being an electronically conductive agent and NiCo,O,
electrocatalyst. The assembled battery undergoes galvanostat-
ical discharge-charge at 0.04 mA cm™2, and the initial discharge-
charge profile is recorded (Figure S1, Supporting Information).
The morphological changes of porous cathode before and after
discharge were examined using scanning electron microscopy
(SEM) and shown in Figure 1a,b. It can be clearly seen that
after discharge the characteristic toroidal-shaped Li,O, particles
with a wide range of diameters are formed on the surface of
electrode, which are in agreement with previous work.['21416]
Upon closer inspection, it is found that the Li,O, toroids con-
sist of nanocrystalline aggregates, which probably suggest Li,0,
grows onto the surface of cathode through superoxide dissolved
in solution.'7:2>2¢] In order to further reveal the details about
internal structure of Li,O, particles, aberration-corrected ABF-
STEM imaging is applied to directly observe the atomic-scale
structure of the discharge product.

Because the Li,0, particles are found to be severely sensi-
tive to electron beam irradiation, and a greatly reduced radia-
tion dose was adopted to minimize beam damage. Note that
higher acceleration voltage may induce compromised knock-on
damage, which, on the other hand, can minimize the ionization
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Figure 1. Typical SEM images for a) NiCo,0O,/Super P pristine electrode
and b) the toroid-like particles in electrode when discharged to 2.0 V at
0.04 mA cm™.

damage due to the insulating nature of the reaction products.
Figure 2a shows the ABF-STEM image of Li,O, taken along
the [110] zone axis. In ABF image, the atom columns appear
as dark spots due to absorption-type contrast exhibited by ABF
imaging, and the contrast demonstrates Z!/3 dependence with
respect to atomic number, therefore displaying high sensitivity
to light atoms.”’” Note that the lithium atomic columns and
oxygen-oxygen columns pairs in Li,O, were not resolved to
minimize the radiation damage, and the oxygen dimer appears
a single dark spot as shown in Figure 2a. However, important
details about the atomic-scale structure of Li,O, particles were
successfully retained. From Figure 2a, it is obvious that a rela-
tive irregular outmost surface layer different from interior was
formed on the Li,O, surface. It is reasonable to infer that such
defective Li,O, surface may be beneficial for charge transport
on the basis of previous work.['#2% Detailed contrast analyses
from the line profile acquired at the box region (shown in
Figure 2b) demonstrate an unexpected peroxide vacancy staging
phenomenon that the perfect LiO, layer and oxygen-deficient
LiO, layer, which are marked by the green and red arrows in
Figure 2a, respectively, occupy every other layer along the ¢ axis.
And a structure schematic of such staged Li,0, is illustrated
in Figure 2c, wherein oxygen atom columns in perfect and
defective LiO, layers are highlighted by green and red spheres,
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respectively. Due to the introduction of oxygen defect, the local
environment of oxygen in defective LiO, layer is different from
that in perfect one, leading to distinct oxygen atom columns
(e.g., O1 and O2 in Figure 2c). Although the origin of the per-
oxide vacancy stage ordering in the Li,O, is still mysterious
at this phase, the formation of staging structure may be ther-
modynamically favorable as we discuss later according to the
first principle calculation. Meanwhile, it is worth noting that
the addition of catalyst has been reported to promote the for-
mation of defective Li,O,, contributing to an enhanced oxygen
reduction reaction and/or oxygen evolution reaction.?!! This
suggests that the NiCo,0, catalyst may play an important role
in the appearance of staged Li,O,. Extended studies should be
undertaken to further clarify the formation mechanism and the
factor affecting the formation of peroxide vacancy staging, such
as discharge rate, catalyst. In addition, from the transport point
of view, we expect that such ordered oxygen defect may also
provide facile transport path for electron or Li* ion through the
Li,O, during discharge as other extended defects such as sur-
face,!’”l grain boundary,??l or amorphous layer.'] Further inves-
tigation is needed to understand the effect of ordered oxygen
defect on the transport properties of Li,O,.

In order to estimate the oxygen deficiency in Li,O,, lat-
tice models with different content of oxygen are constructed
to simulate the ABF images. We found the simulated ABF
image, particularly the contrast of defective LiO, layer, shows
reasonable agreement with experimental one when the con-
tent of peroxide vacancy in defective LiO, layer is around
20% (as shown in Figure 2d), compared with those of perfect
(Figure 2e) and defective Li,O, with other different content
of peroxide vacancy (Supporting Information Figure S2). In
addition, electron energy-loss spectroscopy (EELS) was carried
out to further investigate electronic structure of the discharge
product Li,O, by comparing with commercial Li,O,. The Li
and O K edge EELS spectra were acquired (Figure 3a,b). It is
interesting to observe the apparent difference in EELS fine
structure between electrochemically formed and commercial
Li,0,, which indicates the Li and O local structure of discharge
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Figure 2. a) ABF-STEM image for Li,O, along the [110] zone axis, the inset at the top left is enlarged image of the selected region; b) the corresponding
line profile acquired from the red box region; c) lattice model of defective Li,O,, wherein the oxygen atom columns in perfect and defective LiO, layer
are indicated by green sphere O1 and red sphere O2, respectively; and d,e) simulated ABF images of Li,O, with 20% peroxide vacancy and perfect
Li,O,, respectively. In the ABF line profile, image contrast of the dark dots is inverted and displayed as peaks. The perfect and oxygen-deficient LiO,
layers are marked by the green and red arrows, respectively. Scale bar indicates 3 nm.
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Figure 3. a) Li-K edge and b) O-K edge EELS spectra of electrochemically formed Li,O, in this work and commercial Li,O,. The layered structures of
¢) Li;;O5, and d) LiggO7;, with Li vacancies created from LiggO5,. Lithium and oxygen atoms are labelled with green and red, respectively.

product are not the same as the commercial one. This further
confirms that structural defects are introduced during the for-
mation and growth of Li,O,, which, moreover, leads to distinct
electronic structure closely related to the transport properties.
Additionally, the quantitative analysis of EELS spectra indicates
the oxygen deficiency is about 15% * 5%, showing reasonable
agreement with result obtained by simulation of ABF image.
Based on these experimental findings, the structure defects
of Li,O, with around 20% of peroxide vacancy in the deficient-
oxygen LiO, layer have been further investigated by first-prin-
ciple calculation using a supercell with 160 atoms (LigyOgo)
(Supporting Information Figure S3). As one O,>~ group was
extracted from every other oxygen layer in LigOg,, three distinct
arrangements of peroxide vacancy in LigyO;, were generated
(Supporting Information Figure S4a—c). We found the pres-
ence of peroxide vacancy in the defective LiO, layer of Li,0,
results in cleavage of one of the O-O bonds (do.o = 2.983 A)
in the next stack of perfect LiO, layer, which is probably due
to the requirement to preserve electroneutrality. And the large
positive formation energy (E¢= 13.3 eV) of LigyO, revealed that
an O-removal reaction to form these structures is not thermo-
dynamically favored. Moreover, the corresponding disordered
oxygen arrangement in LigyOy, is inconsistent with the simu-
lated ABF images. Therefore, it is likely that the introduction
of peroxide vacancy is accompanied by Li removal to minimize
the O-O bond-breaking distortion. Two possible structure types
of Li vacancies derived from LigyO, are shown in Figure 3c,d.
In Figure 3c a pair of Li ions proximate to the two disturbed
oxygen atoms was extracted, leading to the intermediate compo-
sition of Li;;,O5,. Such Li extraction had little effect on restoring
the broken O-O bond, as evidenced by the O-O distance of
2.974 A in Li;;0,,. Subsequently, one Li ion nearby peroxide
vacancy is further extracted from the defective LiO, layers of
Li;Oy,, creating nonstoichiometric LiggO5, (Figure 3d). Such Li
extraction results in the O-O bond length from 2.974 A back to
1.565 A, which is similar with that of LigyOg,. This strengthened
0-O bond can also be manifested by the exothermic energy of
—6.2 eV in the process of Li extraction from Li;,O, to give the
oxygen-rich LiggO7,. Therefore we conclude that this defective
non-stoichiometric structure of LiggO7, can explain the main
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structure feature of the discharge product Li,O, revealed by
ABF-STEM imaging. Importantly, the superoxide-like char-
acter of discharge product Li,0, is in part accord with previous
report.'220 This character may facilitate electron transfer and
consequently impact reversible formation/decomposition of
Li,0,. However, this unique staging observed from ABF-STEM
is different from the previously reported core-shell structure
with oxygen-rich superoxide-like shell layer.

In conclusion, the atomic-scale structure of discharge
product Li,O, was successfully revealed using aberration-cor-
rected ABF-STEM imaging. Irregular surface structure and a
unique stage ordering in Li,O, that peroxide vacancy prefer-
ably occupies every other layer along the ¢ axis were observed.
The content of peroxide vacancy was estimated to be around
20% by combing ABF image simulation with EELS analysis.
First-principle calculation indicated the defective Li,O, was
still oxygen-rich although the oxygen deficiency existed. These
findings may open up new opportunities to investigate the
structure evolution of Li,O, during discharge or charge, hence
enable improved understanding of the mechanism of oxygen
reaction in Li-O, batteries.

Experimental Section

Electrochemical Measurements: The cathodes for Li-O, battery
were prepared by mixing 40 wt% NiCo,O, with 50 wt% Super P and
10 wt% polytetrafluoroethlyene (PTFE) binders. The NiCo,04-based
cathodes were rolled into slice and cut into squire pieces of 0.5 cm x
0.5 cm (typically 2.0 mg cm™2). More details on the preparation of
NiCo,0, catalyst and cathode can be found in ref. [28]. The Li-O, cell
was prepared using a Swagelok design and constructed inside the
glove box under argon atmosphere (<1 ppm H,O and O;) using a
clean lithium metal disk (8 mm diameter) as anode, a glass-fiber and a
polypropylene (Celgard 2400) as separator, 1 M LiTFSI in tetra ethylene
glycol dimethylether (TEGDME) as electrolyte. The Li-O, cell underwent
galvanostatic discharge-charge measurements at 0.04 mA cm2. The
capacity was calculated based on the total mass of cathode (electro-
catalyst + carbon + binder). After electrochemical measurement, the cell
was disassembled in the Ar-filled glove box, and the discharged cathode
was washed with dimethyl carbonate (DMC) and dried under vacuum
for further analysis.
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Characterization: The morphology of discharged cathode was observed
on a Hitachi S4800 field emission scanning electron microscope.
Aberration-corrected annular-bright-field imaging was performed using
a JEOL ARM 200F (JEOL, Tokyo) transmission electron microscope.
The attainable resolution defined by the probe forming objective lens
was better than 80 picometer. All images were obtained using an
illumination semiangle of 25 mrad with the corresponding collection
semiangle from 12 to 25 mrad. The raw images were processed with
an average background subtraction filter (ABSF) to reduce noise.?’)
ABF-STEM image simulation was carried out using the xHREM software
(HREM research Inc.). EELS spectra of electrochemically formed Li,O,
and commercial one (>90%, Alfa Aesar) were acquired out on a F20
transmission electron microscope (FEI, Eindhoven, The Netherlands)
with a Gatan imaging filter (GIF). The relative content of oxygen was
evaluated based on quantitative analysis of Li-K edge and O-Kedge
EELS spectra using Digital Micrograph software. The physics behind the
quantitative analysis was described fully in ref. [30].

Calculation Details: First-principles calculations were performed using
the plane wave code VASP,B' with supplied projector augmented wave
(PAW) potentials for core electrons.?? Total energies were calculated
using the Heyd-Scuseria-Ernzerhof (HSE) screened hybrid functional,*?l
which has been demonstrated to provide a more accurate treatment
of solids, particularly in the study of electron-transfer reactions than
standard semilocal DFT functionals. The plane wave energy cutoff
of 400 eV and a I'-centered k-point mesh of 2 x 2 x 1 were set for all
computations. All structures were relaxed until the total energies were
converged to within 10~ eV/atom. The structure of discharge product
Li,O, was calculated using a supercell with 160 atoms based on the
primitive unit cell of Li,O,.

Supporting Information

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