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ABSTRACT: Li−O2 battery is one of the important
next-generation energy storage systems, as it can
potentially offer the highest theoretical energy density
among battery chemistries reported thus far. However,
realization of its high discharge capacity still remains
challenging and is hampered by the nature of how the
discharge products are formed, causing premature
passivation of the air electrode. Redox mediators are
exploited to solve this problem, as they can promote the
charge transfer from electrodes to the solution phase. The
mechanistic understanding of the fundamental electro-
chemical reaction involving the redox mediators would aid
in the further development of Li−O2 batteries along with
rational design of new redox mediators. Herein, we
attempt to monitor the discharge reaction of a Li−O2
battery in real time by liquid-phase transmission electron
microscopy (TEM). Direct in situ TEM observation
reveals the gradual growth of toroidal Li2O2 discharge
product in the electrolyte with the redox mediator upon
discharge. Moreover, quantitative analyses of the growth
profiles elucidate that the growth mechanism involves two
steps: dominant lateral growth of Li2O2 into disclike
structures in the early stage followed by vertical growth
with morphology transformation into a toroidal structure.

Aprotic Li−air/oxygen (Li−O2) batteries can offer the
highest theoretical energy density (∼3450 Wh/kg)

among the battery systems, because the light and ubiquitous
oxygen gas from air is incorporated as a major component.1

However, a practical Li−O2 battery system has not been
demonstrated yet, and many technical and fundamental issues
remain to be resolved.2 One of the issues with respect to the air
electrode includes the premature passivation of the electrodes
by the discharge products. The initial electrochemical reaction
forms an insulating Li2O2 film on the electrode.3 It causes the
reduction of the electronic conductivity of the electrode and is
typically accompanied by undesirable side reactions at the
interface between the electrode and Li2O2. This inevitably
leads to a poor energy efficiency and a premature cycle
degradation.4 To mitigate this problem, redox mediators, such

as 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ), coenzyme
Q10, and Vitamin K2, have been recently utilized to induce
the discharge process in the solution phase instead of on the
electrode.5 The redox mediators generate stable and soluble
intermediate complexes, which catalyze the solution-phase
discharge reaction while suppressing the formation of film-like
Li2O2 on the electrode surface.
Mechanistic understanding of relevant chemical reactions in

Li−O2 batteries may further provide a rational strategy to
optimize cell design, select electrolytes, and engineer electrode
materials that can ensure improved energy density with
reversible cyclability; however, this has been mainly limited
to ex situ information.6 For example, previous ex situ scanning
electron microscopy (SEM) studies could confirm the
discharge product of a toroidal Li2O2 with a relatively large
size of a few micrometers, evidencing the solution-phase
reaction in the presence of a redox mediator.6,7 Many
mechanistic questions have still remained unanswered such
as formation mechanism and kinetic pathway for the observed
toroidal Li2O2 structures and their heterogeneity in different
parts of the battery structure. The in situ liquid cell
transmission electron microscopy (TEM) of a realistic Li−
O2 battery operation can be an appropriate platform to provide
decisive information to understand these questions.8 Herein,
we implement a Li−O2 battery system including a discharge
redox mediator, DBBQ, and gaseous O2 in the in situ liquid
cell TEM and directly observe its discharge process. Our
results confirm that the discharge redox mediator promotes
two-step formation of Li2O2 within the solution, which can be
attributed to kinetically controlled crystal growth during the
electrochemical reaction.
We constructed a micro Li−O2 battery on a liquid cell TEM

holder to monitor the discharge process in real time. The Li−
O2 microbattery system mimics the bulk battery with a model
discharge redox mediator, DBBQ, in O2-saturated electrolytes
(Figure 1a). In situ TEM imaging was performed during
galvanostatic discharge reaction (Figure 1b). To confirm the
reliability of the microbattery system, we compared the cyclic
voltammetry (CV) profiles of the microbattery and a bulk cell
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with the same components as shown in Figure 1c. Note that, in
this CV experiment, 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), which is a typical charge redox mediator for Li−
O2 batteries, was also added to compare two pairs of redox
peaks in the CV curve of the microbattery with those of the
bulk cell by estimating the overpotential range.9 They showed
good agreement, which implies that the redox reaction
condition in the microbattery system with the redox mediator
is a successful reproduction of that in the bulk cell. The details
of CV measurement are presented in the Supporting
Information.
TEM snapshots from the real-time movie (Movie S1) of the

Li−O2 microbattery during discharge process are shown in
Figure 1d. The field of view in TEM images in Figure 1d and

Movie S1 covers a region filled with electrolyte solution away
from the electrode. The series of real-time TEM images in
Figure 1d reveal several important features of the discharge
reaction in the presence of DBBQ. The formation of Li2O2
occurs ubiquitously within the electrolyte solution (see Figures
S2 and S4 and Section 2 in the Supporting Information). A
solid product of the discharge reaction nucleated and grew to a
large size in the solution, which was confirmed to be Li2O2 by
ex situ Raman spectroscopy (Figure 1e) and TEM diffraction
analysis (Figure 1f). Interestingly, it is observed that several
disc-like particles are generated at the beginning and gradually
grow to approximately hundreds of nanometers in diameter.
Then, the disc-like particles undergo a morphological change
rather than growing continuously in the lateral direction. Most

Figure 1. (a) Graphical illustration of Li−O2 microbattery in the liquid TEM holder. (b) Galvanostatic voltage profile of the microbattery during
discharge. Stages indicated by capital alphabets correspond to TEM images in Figure 1d. (c) CV curves of the microbattery and bulk
electrochemical cells containing DBBQ and TEMPO. (d) Time-resolved in situ TEM images of Li−O2 microbattery during discharge. Scale bar is
500 nm. (e) Raman spectra and (f) TEM diffraction pattern of discharge product (Li2O2). Pt is used as a working electrode (WE) for diffraction
measurement to clearly resolve d-spacings of Li2O2.
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of the particles transform into a specific shape having an
asymmetric thickness between their center and periphery while
approaching the final stage of the discharge. The formation of
unique Li2O2 particles is not uniform throughout the field of
view and rather shows heterogeneity in the rates of nucleation
and growth at different places. The growth rates of several
Li2O2 particles were measured (Figures 1d and S3). The
particles marked with orange, green, and violet dashed lines
(group 1) in Figure 1d grew to a larger size than the particles
marked with blue and red solid lines (group 2). The size
difference in the last stage of the discharge is ∼3 times. The
growth of the group 1 is presumably faster, because they are
closer to the cathode on the top chip. On the other hand, the
particles of the group 2 grow near the bottom chip, which is a
few micrometers away from the cathode because of the
thickness of the spacer (500 nm) and the window bulging
effect.10 It implies that the diffusion rate of reduced redox
mediators can influence the growth rate of the discharge
products. Regardless of their different growth kinetics and final
sizes, the particles tend to show similar behaviors; that is, the

size of the particles converges to a certain value and maintains
it.
More details of the growth mechanism of Li2O2 during

discharge can be found from the time-series TEM images of
the individual particles shown in Figures 2a and S4, which
elucidate the relationship between the growth kinetics and
their unique morphological transformation. The time-series
TEM images of each particle indicated by different colors in
Figure 1d clearly show that the morphology of Li2O2 changes
from disc to toroid during growth. The overlaid projected area
of each growing particle (Figure 2a) confirms that the growth
in the lateral direction slow down over time and eventually
approaches a steady state. The time-resolved line profiles of the
individual particles shown in Figure 2b present changes of
relative thickness differences between the core and periphery
regions of the particles. The details of the line profile
measurement are presented in the Supporting Information.
The particles shown in Figure 2a have a well-aligned zone axis
of ⟨001⟩ direction, an appropriate orientation showing
morphology changes. The increasing difference in the contrast

Figure 2. (a) Time-resolved TEM images of individual Li2O2 particles during discharge. From top to bottom, the images are magnified images of
particles marked with red, blue, and orange line in Figure 1d, respectively. The overlaid projected areas during discharge are shown in the last image
of each row. From top to bottom, the scale bars are 50, 50, and 100 nm, respectively. (b) Line profiles of negative contrast intensity of Li2O2
particles in Figure 2a (left: red; middle: blue; and right: orange particles, respectively). (c) Center-to-periphery intensity ratio profiles of Li2O2
particles.
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intensity between the center and periphery with the progress in
the discharge process implies that Li2O2 transforms from disc
shape to a toroidal morphology.11 Three-dimensional intensity
maps of the particles during discharge are also plotted, which
support this finding (see Figure S6 in the Supporting
Information and Movies S2−S4). We also measured the
ratio of integrated contrast intensity over the central region to
that along the peripheral region, called the areal intensity ratio,
of the individual Li2O2 particles, which are plotted in Figure 2c.
Each colored profile corresponds to the particle in Figure 2a
marked with the same color. The areal intensity ratio shows a
marginal change during initial discharge and indicates that the
thickness at the center of the particles is almost the same as
that at the periphery. As the discharge proceeds, the areal
intensity ratio increases, implying that the thickness along the
periphery is larger than that of the center. Furthermore, the
increase in areal intensity ratio becomes more rapid after a
certain point during the discharge. This indicates that the
evolution of the toroidal shape is not continuous but rather
composed of two consecutive stages: an initial lateral growth of
disclike shape and a subsequent vertical growth of toroidal
morphology. We additionally confirm the evolution of toroidal
morphology of the Li2O2 particles by ex situ SEM studies. Bulk
Li−O2 cells constructed with typical Swagelok-type systems as
explained in Section 1 in Supporting Information were
operated with different discharge capacities. While the final
toroidal morphology of Li2O2 after the completion of discharge
agrees with the previous ex situ microscopy studies,7,11,12 it was
found that significant morphological changes are clearly
accompanied by different discharge capacities (Figure 3).
These observations also support the unique two-step formation
mechanism of the toroidal morphology of Li2O2 in the
presence of DBBQ.

According to the crystallographic structure of Li2O2, the
direction orthogonal to the concave surface in the center of the
toroidal Li2O2 is ⟨001⟩.12b,13 Li2O2 particles mainly grow
toward lateral directions that are perpendicular to the ⟨001⟩
direction to form a disc shape in the early stage and then
toward the ⟨001⟩ direction mainly in the regions along the
periphery. This two-step pathway is illustrated in Figure 3 and

can be explained by the temperature-dependent surface energy
(see Section 3 in Supporting Information). Different from the
Wulff construction observed at high temperature in which
formation of hexagonal Li2O2 occurred,

14 the morphology of
the Li2O2 in typical Li−O2 batteries operated at room
temperature follows toroidal shape. The step energy, which
is in the order of tens of milli-electronvolts per angström for
Li2O2 at room temperature,15 becomes significant at low
temperature. Also, the diffusivity of reaction species including
oxygen in the electrolyte at room temperature is relatively
low.16 In this scenario, it is likely that the growth of Li2O2
particles during discharge is kinetically controlled. In the early
stage of discharge, Li2O2 particles grow at a faster rate in the
lateral direction than in the vertical direction, since the total
surface energy of the facets parallel to the ⟨001⟩ directions is
greater than that of the {001} plane according to previous
theoretical studies.14b,17 As the particles grow at room
temperature and in low oxygen diffusive condition, ledges
and kinks can form easily around the peripheral edges with
high frequency. The growth rate toward the lateral direction
accelerates further due to the increased divergence of the
surface energy by the continuous generation of surface defects.
As a result, the peripheral region of Li2O2 particles grows
thicker than the central part.
In summary, we investigated a Li−O2 microbattery by in situ

liquid phase TEM and directly observed that Li2O2 particles
form in the solution in the presence of DBBQ during the
discharge process via a two-step pathway involving lateral
growth forming disclike particles followed by vertical growth
mainly along the peripheral region forming a toroidal
morphology. The growth rate of Li2O2 depends on the
distance from the cathode where the DBBQ is reduced. As the
use of oxygen evolution reaction (OER) redox mediators
becomes standard approach for Li−O2 battery containing
oxygen reduction reaction (ORR) redox mediators,18 we
envision that further in situ liquid TEM study can provide
direct observations for mechanistic understanding of complex
Li−O2 battery chemistry.
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