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ABSTRACT: Via designing a facile microscale all-solid-state — T
lithium—oxygen battery system constructed in an environmental :
scanning electron microscope, direct visualization of discharge and
charge processes of the lithium—oxygen battery is achieved.
Different morphologies of the discharge product are observed,
including a sphere, conformal film, and red-blood-cell-like shape,
with a particle size up to 1.5 pm; whereas upon charge, the
decomposition initiates at their surface and continues along a ] Charge

certain direction, instead of from the contact point at the ——

electrode. These new findings indicate that the electron and

lithium ion conductivities of Li,O, could support the growth and decomposition of the discharge product in our system. In
addition, our results indicate that various morphologies of Li,O, arise from the different current density and surface chemistry of
CNT, and the growth and decomposition of the particle are related to the uneven distribution of the ionic and electronic
conductivities of Li,O,.
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he rechargeable nonaqueous lithium—oxygen (Li—0,) oxygen and Li upon charge."*'® It follows that the formation

battery has attracted worldwide attention recently due to and decomposition of Li,O, play a critical role in determining
its much higher theoretical energy density compared to current the discharge capacity, reversibility, discharge—charge profiles,
state-of-the-art lithium-ion batteries and has been considered as and rate capability of the Li—O, battery. Consequently,
one of the promising candidates to meet the ever- mcreasm% extensive studies have been conducted to track the nucleation,
demand for high-energy storage in the electric vehicle field." growth, morphological evolution of Li,O, during discharge and
However, numerous challenges hinder its practical applications, its oxidation during charge through ex situ approaches.'” !

including low round-trip efficiency, poor rate capability, and
cycle life on the side of the oxygen electrode.”*

Successfully addressing these challenges needs to elucidate
the fundamental scientific problems involved in Li—O,
batteries, such as the mechanism of oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) and the kinetics
of charge transport (ion transport and electron transport).
Therefore, much effort has been directed toward understanding
the electrochemical reactlon of Li—O, batteries during
discharge and charge, ~® and several works on designing the
cathode have been conducted based on this fundamental
knowledge.lo_12 Now, it has been well-established that the

The post-mortem analysis has provided important insights into
the mechanism of formation and decomposition of Li,O,, and
the detailed dynamic process of Li—O, electrochemical reaction
remains elusive. In addition, various in situ spectroscopy and/or
diffraction techniques, such as ambient pressure X-ray photo-
electron spectroscopy (XPS),"® X-ray diffraction (XRD),”* and
surface enhanced Raman spectroscopy (SERS),"> have also
been adopted. However, these methods are incapable of
directly following the growth, morphology, evolution, and
disappearance of Li,O,. By virtue of in situ TEM, Zhong et al.
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observed the electrochemical oxidation of Li,O,, and concluded
that electron transport in Li,O, limited the oxidation kinetics.*
But it should be noted that in their work the investigated Li,O,
particles were formed in an ether-based cell, before loading
them onto the TEM sample holder, leading to possible
contamination during microbattery construction and transfer.
Only the decomposition of Li,O, was studied during charge
process, there remains lack of in situ visualization of growth and
morphology of Li,O,.

To this end, we performed an in situ study on the discharge
and charge processes of a microscale all-solid-state Li—O,
battery built in an environmental scanning electron microscope
(ESEM, FEI Quanta 600F), which was equipped with a
nanoprobe system (Kleindiek). Unlike Zhong’s work,> in this
study, the entire experiment was conducted in situ without air
exposure, and both discharge and charge processes were
examined. Furthermore, our all-solid-state Li—O, battery also
eliminates the undesirable decomposition reactions induced by
the instability of liquid electrolytes at the attacks from reduced
oxygen species (such as superoxide radical anion, Li,0,) during
the discharge process and at a high oxidizing potential during
the charge process. In addition, the irradiation effect in TEM is
much stronger than that in SEM, which may complicate the
interpretation of experimental data.

As shown in Figure 1, the microscale batterzy is constructed
with the Li metal, the native oxide layer Li,O,”* and the super

Electron Beam

Detector
0,

‘ ‘ /~ Secondary electrons
R Li )

Super aligned CNT
(SACNT)

W Tip

Native Li,O layer

Keithley Source
Meter

Figure 1. A schematic view of microscale all-solid-state Li—O, battery
assembled in the ESEM chamber. The SACNT and lithium metal
worked as the cathode and anode, respectively. The native oxide layer
Li,O on Li metal worked as the solid state electrolyte. The voltage was
applied by Keithley 4200-SCS.

aligned carbon nanotube (SACNT)? as the anode, solid state
electrolyte, and cathode, respectively. With the aid of the in situ
technique in the ESEM, we first report the direct observation of
formation of Li,O, during discharge and its subsequent
decomposition during charge, thereby providing important
implications for understanding the kinetics of oxygen reaction
and charge transport.

The discharge process of Li—O, battery was conducted
under potentiostatic conditions. A bias of —3 V was applied on
the SACNT vs Li metal to initiate the discharge process with
the O, partial pressure being 200 Pa. Figure 2 shows product
morphologies observed after discharge process, including a
sphere and toroid or a red-blood-cell-like shape, which are in
agreement with previous works based on the nonaqueous Li—
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Figure 2. Product morphology observed during the discharge process,
including spheres (parts a, b, d, indicated by the red arrow) and red-
blood-cell-like particles (parts ¢, d, indicated by the blue arrow). Note
that parts ¢ and d demonstrate the same site of the CNT at different
discharge states. In part ¢, the inner part of the particle is darker than
the outer part; in part d, a new smaller particle grew up right upon the
inner part of the same particle in part c.
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In addition, we conducted a comparative experiment under
different conditions, i.e., with and without oxygen, as shown in
Figure S4 in the Supporting Information, to further
demonstrate that our all-solid-state battery undergoes an
oxygen reduction reaction during discharge process. There is
a major difference that under vacuum conditions the discharge
product is dendrite-like, while under oxygen conditions, the
discharge product turns into sphere-like or red-blood-cell-like
particles. These characteristic morphologies, especially the red-
blood-cell-like particles, suggest that these discharge products
are mainly Li,O,.*°

According to our experimental results as shown in Figure 2,
some discharge products with particle sizes ranging from 500
nm to 1 ym tend to grow on the CNT—solid state electrolyte—
oxygen three-phase interface (TPI) (as indicated by red arrows
in Figure 2a,c), while some smaller discharge products tend to
grow along the CNT away from the TPI (Figure 2c,d). Note
that Figure 2a was captured after the lithium anode was
detached (see Figure S3). In addition, Figure 2c,d demonstrates
the same position of the CNT at different discharge states, and
the particles indicated by the blue arrow are the same. As
shown in Figure 2, the inner part of the particle is darker than
the outer part; in Figure 2d, a new smaller particle grew up
right upon the inner part of the same particle in Figure 2c,
which indicates the inner part of the particle in Figure 2c has a
concave surface, like the morphology of red blood cells. These
two figures demonstrate that a new particle can be able to grow
on the surface of the red-blood-cell-like particle and its size is
already beyond the electron tunneling distance (~S nm) of
insulating Li,0,.*" These results indicate that the electronic and
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Figure 3. Discharge and charge processes of the Li—O, battery. (a) Images captured at 0, 500, 1000, and 3000 s show the growth process of a
spherical particle, which can grow up to 1.5 gm. —3 V was applied on SACNT vs Li metal to initiate the discharge process. Yellow arrows indicate
that the spherical particle grew up at a CNT—solid state electrolyte—oxygen TPL Note that the CNT curved probably due to the sample drift. (b)
Images captured at 0, 900, 1800, and 3200 s show the decomposition process of the spherical particle. 8 V was applied on SACNT vs Li metal to
initiate the charge process. Red arrows indicate the position where the particle decomposed. Note that the electron beam was on only during the

image acquisition to minimize the irradiation effect.

Charge

Figure 4. CNT morphology evolution during discharge and charge. Areas inside the red box in (a), (b), and (c) were enlarged in (d), (e), and (£),
respectively. It indicates that the conformal film grown on the CNT decomposed to the beads during the charge process.

ionic conductivities of formed Li,O, could support the growth
of the discharge product.

Inspired by the above-mentioned results, an electrochemical
cycle was conducted to follow the formation and decom-
position of Li,O, in the all-solid-state Li—O, battery. During
discharge, a particle up to 1.5 ym appeared at the three-phase
interface when the duration lasts for 3000 s (Figure 3a).
Another fresh CNT was reconnected to the particle on the top
when the charge process was performed with a voltage of 8 V
applied to SACNT vs Li metal under vacuum conditions. Upon
the charge process, the decomposition of the same particle
initiated locally at the surface and proceeded into the bulk
along a certain direction (Figure 3b), which was consistent with
the observation by Jung and co-workers.'” The large-sized
particle observed in Figure 3 also indicates that the electronic
and ionic conductivities of the particle are capable of
supporting the particle’s growth. According to the calculation
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results, the electronic conductivity on the surface of Li,O, is
higher than that in the bulk.** In addition, Gerbig et al.
reported that measured ionic conductivity of Li,O, is higher
than its electronic conductivity at 100 °C.** Therefore, it is
reasonable that the decomposition initiated from the particle’s
surface. Apart from the electronic and ionic transportation, the
decomposition process may relate to or be limited by the
oxygen transportation. According to the Le Chatelier’s principle
(the equilibrium law), the vacuum condition is beneficial for the
charge process corresponding to Li,O, — 2Li* + O, + 2e".
Thus, the decomposition occurred on the large bare surface
area where it is favorable for the oxygen release caused by Li,O,
decomposition, rather than on the connect point of CNT—
particle or particle—solid electrolyte. Note that in our
experiments the electron beam was on only when the images
were captured to minimize the irradiation effect.
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In addition, it is worth noting that the diameter of SACNT
increased from an initial 44 to 78 nm after discharge, expanding
by 77% (Figure 4a,b,d,e), which is much larger than that of
CNT induced by lithium insertion alone.>* This indicates that a
conformal film has grown along the CNT, the appearance of
which may be related to the current density’’ and surface
chemistry of CNT.*® Another interesting phenomenon is that
the bead morphology can be evolved from the conformal film
during the decomposition process. By comparing the SEM
image of the CNT cathode before and after the charge process
(Figure 4b,c,e,f), the CNT becomes a little thinner after charge
process, and it seems that the conformal film coated on the
CNT decomposed to the beads during the charge process.
Unexpectedly, the decomposition of Li,O, is accompanied by
the appearance of the beads. This may be caused by the
conversion of Li,O, to Li,CO; with the presence of carbon or
the resident ges in the vacuum chamber at a relative high
potential >~

Taking more advantage of the ESEM in situ technique, we
repeated the discharge and charge processes (ie., cycle the in
situ Li—O, battery); four discharge processes and three charge
processes were recorded in video (see respective videos in the
Supporting Information). Voltages of —3 and 6 V were applied
on the SACNT vs Li metal to initiate the discharge and charge
processes, respectively. This microscale all-solid-state Li—O,
battery successfully cycled three times. During the third charge
process (see video OER 3 in the Supporting Information), the
conformal film began to decompose to beads along the
SACNT, as was mentioned above, the conformal film may be
oxidized to Li,O or converted to Li,COj; at a relative high
potential and caused a poor electron transportation along the
SACNT, which negatively affects the subsequent fourth
discharge process (see video ORR_4 in the Supporting
Information). Actually, the battery was still alive for a while
at the beginning of fourth discharge process (the particle grew
up a little). At 707 s, the beads along the SACNT became much
bigger (Figure Sb), and the growth process ceased. These
results imply that the side reaction of the carbon and discharge
products could limit the battery cyclability. In addition, it is
interesting to note that, during cycling, the growth and
decomposition of the Li,O, paritcle display inhomogeneity to
some degree as shown in Figure S6 and S7 in the Supporting
Information. Such an inhomogeneous process could be due to
the uneven distribution of the electronic and ionic
conductivities along the particle surfaces.

It should be noted that, in our battery configuration, the
cathode is only in point contact with the electrolyte, while in a
realistic nonaqueous Li—O, battery, the cathode is “immersed”
in the electrolyte, which may cause the diffusion pattern of
lithium ions modified.*® However, some intrinsic phenomenon
(e.g., electron and ion transportation in Li,O,) can be disclosed
in such an open Li—O, cell. In addition, the characteristic red-
blood-cell-like morphology is also observed in the all-solid-state
Li—O, battery; it indicates that the formation of this
morphology may relate to more intrinsic factors such as charge
and mass transportation in Li,O,, and the epitaxial growth or
deposition from nonaqueous electrolyte, as proposed in
previous work,'®'® may not be the exclusive way to form a
red-blood-cell-like morphology.

In summary, we built an all-solid-state Li—O, battery based
on an ESEM configuration and performed the both processes
of discharge and charge of the battery in real-time. It is found
that (i) the electronic and ionic conductivities of Li,O, could
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Figure S. (a) SEM image at the end of the first (left) and second
(right) charge processes wherein no beads are observed along the
SACNT. (b) Image (i) and (ii) captured at 704 and 707 s upon the
third charge process, respectively. Enlarged images (iii) and (iv) of the
corresponding red box areas in (i) and (ii) show that the beads
became larger at 707 s.

be able to sustain the growth and decomposition of the
discharge product; (ii) in our system, the decomposition
process may relate to the kinetics of oxygen release. (iii) The
bead-like by-product along SACNTSs evolved from the Li,O,
conformal film could limit the battery cyclability; (iv) the
growth and decomposition of Li,O, are related to the uneven
distribution of the ionic and electronic conductivities of the
particle. These results present some new insights toward
understanding the reaction mechanism of the all-solid-state Li—
O, battery; further experiments under aprotic environments
can be conducted, to approach working conditions of a real
battery.
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Experimental details, photograph of experimental set-up, TEM
images of the pristine CNT, and supplementary videos. This
material is available free of charge via the Internet at http://
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