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Discharge Rate-Driven Li2O2 Growth Exhibits Unconventional
Morphology Trends in Solid-State Li-O2 Batteries

Xiaozhou Huang, Matthew Li,* Yanan Gao, Moon Gyu Park, Shoichi Matsuda,
and Khalil Amine*

Abstract: Solid-state lithium oxygen batteries (LOBs) are known for their enhanced safety, higher electrochemical stability,
and improved energy density compared to liquid-state LOBs. However, the investigation of solid-state LOBs is limited
with little understanding of their discharge and charge processes. In this work, a polymer-based solid-state LOB is used to
investigate the effect of discharge rate on lithium peroxide (Li2O2) formation, the oxygen evolution reaction (OER), and
cycle performance. Notably, we observe a counterintuitive trend: Li2O2 particle size increases with increasing discharge
current density, in contrast to liquid systems. This behavior arises from inherent space charge layers that restrict Li+

transport under high current, and spatially heterogeneous active sites at the solid electrolyte–cathode interface, directly
evidenced by small angle X-ray scattering (SAXS), which govern nucleation accessibility and promote site-selective Li2O2

growth. Furthermore, higher current densities improve ORR and OER efficiency but accelerate anode degradation, while
lower currents promote side reactions. These opposing effects result in a trade-off that defines an optimal discharge rate
(0.1 mA cm−2) for maximizing cycle life. This study provides a new mechanistic perspective on discharge-driven processes
in solid-state LOBs and offers practical guidelines for performance optimization in future high-energy battery systems.

Introduction

Lithium-oxygen batteries (LOBs) have garnered significant
attention as a next-generation energy storage technology
due to their remarkable theoretical energy density
(3.5 kWh kg−1), making them critical for high-energy
applications such as aviation, where mass and specific
energy requirements exceed the capabilities of traditional
lithium-ion batteries.[1–6] This remarkable energy density
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arises from the electrochemical reaction between lithium
and oxygen gas, producing lithium peroxide (Li2O2) as the
main discharge products.[7] Though promising, the current
LOBs still suffer from multiple challenges that hinder their
practical application, such as large overpotentials, electrolyte
instability, and poor cyclability.[8–10]

One of the critical factors affecting the performance
and reversibility of LOBs is the morphology of Li2O2

discharge product. The formation and decomposition of
Li2O2 at the cathode determine the round-trip efficiency, rate
capability, and long-term stability. In liquid-state systems, the
relationship between discharge rate and Li2O2 morphology
has been extensively studied. Griffith et al. demonstrated
that higher discharge current densities lead to smaller Li2O2

particles, accompanied by a decrease in capacity.[11] The
relationship between capacity and rate can be explained by
the reduced penetration depth of O2 into the cathode at
elevated discharge rates, which can be associated with the
smaller particles blocking O2 transport pathways, limiting
Li2O2 growth. Horstmann et al. conducted nanoscale con-
tinuum modelling of the discharge process in LOB and also
found that an increase in discharge rate tended to increase
coverage of Li2O2 on cathode surface and with smaller
particles.[12] The morphologies of Li2O2 is strongly affected
by discharge rates. In some cases, at low discharge rates,
Li2O2 is predominantly found with a toroidal morphology,
maintaining a relatively constant average radius. At the
higher rates, the Li2O2 particles transition into a needle-
like shape.[11] Li et al. observed that as the discharge rate
increases, the Li2O2 morphology transitions from nanorods
to toroidal structures composed of aggregated nanosheets.[13]

Xia et al. found that excessive current (−1 mA cm−2) could
suppress Li2O2 formation entirely due to rapid carbon surface
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passivation.[14] Mitchell et al. revealed that low discharge
rates lead to Li2O2 particles initially forming as stacked thin
plates that evolve into toroids through secondary nucleation,
whereas high discharge rates promote dense nucleation of
equiaxed particles, resulting in less-defined disc and toroid
structures.[15] More recent studies often involve complex cath-
ode structures or catalytic surfaces, which though improving
performance, introduce additional variables that can obscure
the intrinsic relationship between discharge rate and Li2O2

morphology. A comprehensive review by Liu et al. further
summarizes how current density and depth of discharge
affect Li2O2 growth modes, emphasizing that morphological
control is key to optimizing battery reversibility and energy
efficiency.[16] It is important to note that Li2O2 morphology
is also influenced by the electrolyte composition and the
cathode’s surface conditions.[17]

Although this relationship has been extensively explored
in liquid-state Li-O2 batteries (LOBs), the correlation
between discharge rate and Li2O2 morphology remains
rather unexplored in solid-state LOB systems.[18,19] It remains
unclear how the varying morphological or dimensional char-
acteristics of Li2O2 impact the oxygen evolution reaction
(OER) and how they influence the cycling performance of the
solid-state LOB.[20–24] Compared with liquid-state LOB sys-
tems, solid-state LOB systems exhibit distinct characteristics
in terms of interfacial impedance, Li+-ion conductivity and
Li+-ion diffusion pathway.[25] These differences may result in
an unique influence of the discharge rate on the morphology
of Li2O2, discharge-charge profile, and the cycle performance
of LOBs. Understanding the interplay between these metrics
is crucial towards optimizing LOB battery cycled in solid-state
electrolytes.

Among the different types of solid-state electrolytes,
polymer-based systems have emerged as the dominant choice
for solid-state LOBs in recent years. In our recent comprehen-
sive review of the literature from 2009 to 2024,[20] we found
that polymer electrolytes have been increasingly adopted
since 2016, and now constitute the majority of reported
solid-state LOB systems. This growing preference reflects
not only their favorable electrochemical and mechanical
properties but also their better compatibility with the unique
electrode architecture of LOBs. Specifically, the cathodes in
LOBs are typically composed of porous carbon materials
to facilitate oxygen diffusion and Li2O2 deposition. Polymer
electrolytes, due to their soft, conformable nature, can achieve
intimate interfacial contact with such porous structures—
an essential factor for stable electrochemical performance
and reproducible morphology studies. In contrast, rigid
ceramic electrolytes often suffer from poor contact with
porous electrodes, leading to high interfacial resistance and
less controlled nucleation behavior. These considerations
make polymer-based solid electrolytes a particularly suitable
platform for investigating discharge-rate-dependent processes
in solid-state LOBs.

To enable mechanistic insights that are broadly applicable,
this study employs a composite SSE composed of PVDF-
HFP, LiTFSI, and LLZTO. These materials have been widely
adopted and thoroughly studied in the field. Our recent com-
prehensive review of literature from 2009 to 2024 confirms

that these components are among the most frequently used
in solid-state Li-O2 systems.[20] This choice not only ensures
general relevance and reproducibility of the results but also
avoids complications associated with the instability of less
established materials in Li-O2 system. Specifically, PVDF-
HFP is an excellent matrix material due to its relatively high
ionic conductivity at room temperature and wide electro-
chemical stability window (exceeding 5 V versus Li/Li+).[26]

In contrast, other commonly used polymer, such as PEO, is
only stable below 4.5 V,[27] which may limit its applicability
in high-voltage systems like LOBs. In addition, PVDF-HFP
exhibits sufficient mechanical strength, which is particularly
important in solid-state LOBs. During cell assembly, a metal
mesh is typically placed on top of the cathode to apply
localized pressure, ensuring that the cathode region serves
as the primary active area. Without this configuration, the
applied pressure may distribute unevenly across the cell,
reducing performance. The robust mechanical properties of
PVDF-HFP help the electrolyte membrane withstand the
applied pressure without being penetrated or damaged by
the metal mesh, thereby preventing short-circuiting and
improving structural integrity under compression. LiTFSI
has also been widely used in LOBs.[20] While LiClO4 is a
viable alternative, its discharge capacity is generally lower
than that of LiTFSI.[28] LLZTO plays a key role in the
composite by enhancing the ionic conductivity, mechanical
stability, and processability of the SSE membrane.[29] LLZTO
can act as Li+ carriers and serve as interfacial and internal
channels for Li+ transportation.[30,31] La atoms in LLZTO
can coordinate with N atoms and C═O groups in typical
solvent molecules such as DMF, where the N atoms possess
high electron density. Acting as Lewis bases, these species
can form complexes that promote partial dehydrofluorina-
tion within CPEs. This interaction strengthens the bonding
between the PVDF matrix, lithium salt, and LLZTO particles.
The resulting structural modification significantly enhances
the mechanical strength of the SSE membrane, thereby
improving its processability and reproducibility.

In this work, we report a counterintuitive correlation
between discharge rate and Li2O2 morphology in solid-state
LOBs: the particle size of Li2O2 increases with increasing
discharge current density. This trend stands in sharp contrast
to the well-established behavior in liquid electrolyte systems
and indicates that discharge product formation in solid-
state LOBs follows fundamentally different transport and
nucleation dynamics. We attribute this divergence to the
formation of space charge layers (SCLs) at the cathode–
electrolyte interface, which restrict Li+ transport at less
accessible regions under high-current conditions. As a result,
the number of electrochemically active nucleation sites
decreases at high discharge current densities, favoring the
growth of existing Li2O2 particles over the formation of
new ones—opposite to the behavior observed at low current
densities. This structural and morphological heterogeneity is
supported by SAXS and SEM analyses, which qualitatively
align with the proposed mechanism. In addition, we find
that the extent of parasitic reactions also depends on the
discharge rate, likely due to differences in LiO2 intermediate
behavior. Low current densities promote more uniform

Angew. Chem. Int. Ed. 2025, 64, e202507967 (2 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2025, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202507967 by N

ational Institute For, W
iley O

nline L
ibrary on [22/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Research Article

nucleation but lead to increased side-product formation,
whereas high-current densities improve OER/ORR efficiency
yet accelerate anode degradation. These competing effects
define a unique trade-off in solid-state LOBs, allowing us to
identify an optimal discharge current density (0.1 mA cm−2)
that balances capacity, efficiency, and long-term stability.
Altogether, this work establishes a new mechanistic
framework for understanding current-dependent behavior in
solid-state LOBs, and opens up new possibilities for rational
interface engineering and performance optimization in future
solid-state energy storage systems.

Results and Discussion

Impact of Discharge Rates on the Formation of Li2O2

Discharge current densities directly influence the morphol-
ogy of Li2O2 formed in LOBs, which in turn determines
the discharge capacity, reversibility, overpotential, and rate
capability of the cells. The morphology of Li2O2 formed in
solid-state LOB was evaluated as a function of different
discharge current densities. To ensure the conclusions of this
study are broadly applicable, a typical composite polymer
electrolyte (CPE) film, composed of PVDF-HFP, LiTFSI,
and LLZTO, is chosen for investigation. The front and
back optical images of CPE are shown in Figure S1a,b.
The SEM images of the front and back sides are shown
in Figure S2a. The back side exhibits a smoother surface,
making it more suitable for contact with the lithium metal
anode to ensure better interfacial contact. In contrast, the
front side is rougher, which is advantageous for interfacing
with the porous carbon surface of the GDL (Gas diffusion
layer), enhancing the connection and minimizing interfacial
impedance. When the membrane orientation is reversed, the
cell performance is significantly degraded and becomes highly
unstable, with large fluctuations and poor reproducibility
(Figure S2b). For example, DEMS shows that O2 evolution
during the charge process drops to only −20% of the
theoretical yield, indicating poor reversibility (Figure S2c).
These results clearly demonstrate that reversing the mem-
brane orientation leads to unreliable performance due to
improper interfacial contact. Figure S1c shows the cross-
section of pristine CPE. The structure appears dense and
uniform, with a continuous and compact polymer network.
The surface exhibits a relatively smooth texture with fine
granular features, indicating excellent electrolyte integrity.
Figure S1d shows a cycled GDL pressed with CPE. The mor-
phology is more heterogeneous, with visible fibrous structures
from the GDL interspersed within the CPE. The polymer
electrolyte appears to have infiltrated the GDL, but there
are noticeable voids and rougher textures, suggesting a more
porous and interconnected network compared to the pristine
CPE. Atomic force microscopy (AFM) was conducted under
the protection of Ar atmosphere in a glovebox. This was
to prevent water absorption by the LiTFSI in the CPE.
AFM images in Figure S3 reveal that both CPE and carbon
surfaces of GDL are rough, which enhances interconnectivity
and electrolyte infiltration. The minimal contrast in phase

(related to elasticity of the sample) suggests uniform material
distribution, ensuring stable interfaces. This rough surface
morphology is beneficial for reducing interfacial impedance
and improving overall cell performance. The basic characteri-
zations of SSE are provided and discussed in Figures S4–S7,
including structure determination by FTIR, liquid content
analysis by TGA (Thermal gravimetric analysis), ionic con-
ductivity measurement by EIS, and rate capability evaluation
through a Li | CPE | Li symmetric cell test. The CPE shows
sufficient thermal stability for room-temperature operation,
with negligible weight loss below 100 °C as indicated by
TGA. The addition of LiTFSI and LLZTO slightly reduces
the thermal decomposition onset compared to pristine PVDF-
HFP, which is consistent with previous literature. However,
the overall thermal behavior remains well within the safe
margin for Li-O2 battery operation at ambient conditions. It
also exhibits high ionic conductivity (5.34 × 10−4 S cm−1) and
excellent rate capability from 0.05 to 0.4 mA cm−2.

The cells were deep discharged at 0.05, 0.1, and
0.2 mA cm−2 up to 8.4 mAh cm−2. All three cells show
stable discharge plateaus up to 6 mAh cm−2. The discharge
potential decreases with discharge currents, following the
voltage relationship of 0.05 > 0.1 > 0.2 mA cm−2 during the
early stages of discharge (Figure 1a). However, the voltage
relationship shifts to 0.1 > 0.05 > 0.2 mA cm−2 at the end
of discharge, suggesting that cells discharged at 0.1 mA cm−2

maintain a better balance between Li2O2 formation and
electron transfer, leading to improved discharge performance.

After deep discharge, the discharge product was examined
by SEM. As shown in Figure 1c,d, spherical Li2O2 particles
could be clearly observed from all three cells. Similar to
previous observations, the SEM beam was destructive to be
for Li2O2 particles and could be degraded by SEM beam,
and the degradation of small Li2O2 was quicker.[32] However,
unlike the case in liquid-state LOBs, where toroidal Li2O2

particles are observed,[17] the Li2O2 particles formed in the
solid-state LOBs are more irregularly shaped. Interestingly,
it has been observed that the size of Li2O2 particles increases
with higher discharge rates. Specifically, the average diameters
of Li2O2 particles are measured to be 0.45, 0.74, and 1.2 µm
(bimodal distribution centered at around 0.6–0.7 and 1.5 µm)
as shown in Figure 1b–d (SEM) and Figure 1e–g (histograms),
at discharge rates of 0.05, 0.1, and 0.2 mA cm−2, respectively.
This trend is opposite to the widely accepted behavior
in liquid-state cells, where Li2O2 particles size typically
decreases as the discharge current increases.[11] Griffith et al.
indicated that the particle size of Li2O2 decreases at higher
discharge rates due to the rapid supersaturation of discharge
product in the electrolyte promoting nucleation rather than
growth.[11] Johnson et al indicated that a higher donor number
of the solvent increase the Li2O2 particle size due to the higher
stability of LiO2 against disproportionation into Li2O2.[33]

However, compared to liquid-state LOBs, several fac-
tors differ in solid-state LOBs, leading to differing Li2O2

nucleation and growth behaviors. In liquid-state LOB, O2

and Li+ ions are dissolved in the electrolyte while electrons
are transported through the carbon. This configuration only
requires a two-phase boundary. In solid-state LOBs, where
free solvent does not readily exist, O2 cannot diffuse freely
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Figure 1. Correlation between discharge current densities and morphology of Li2O2. a) discharge profiles at different rates. (b-d) Scanning electron
microscopy of the morphology of Li2O2 particle formed at 0.05, 0.1, and 0.2 mA cm−2. (e-g) their respective histograms.

in the polymer electrolyte and must rely open pore structure
for transport. Therefore, electrochemically active site must
involve three phases: O2, Li+ ions and electron transport
media. Accordingly, the degree of tortuosity in O2, Li+,
and electron transport pathways are likely different from
one another suspect that oxygen diffusion pathways might
be more selective with a large portion being of lower
quality, resulting in a current focusing effect where highly
O2 transporting pathways are drastically favored. This leads
to the formation of distinct active sites at the SSE–cathode
interface, with varying favorability for Li2O2 nucleation and
growth. The presence of such heterogeneous sites is supported
by synchrotron small-angle X-ray scattering (SAXS) results,
which will be discussed in detail later.

While a similar phenomenon can be claimed in a liquid
system as well, a key distinction in solid-state electrolytes
lies in the more severe blockage of O2 transport pathways.
This is primarily attributed to the formation of a space
charge layer (SCL) (Scheme 1), which results from the
limited ability of lithium salts to neutralize local charge
accumulation, thereby hindering Li-ion transport, especially
under high-current densities.[34] At high discharge rates, more
Li+ ions accumulate near the interface, strengthening the
SCL.[10] The enhanced SCL increases interfacial impedance
and hinders the further transport of Li+, O2, and electrons
to the active sites. As a result, only a few highly active sites
with good transport pathways can sustain growth, leading
to the enlargement of existing Li2O2 particles. Less active

Angew. Chem. Int. Ed. 2025, 64, e202507967 (4 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. Growth mechanism of Li2O2 at different discharge current affected by space-charge layer. a) At low current density the transport of both
Li-ion and O2 can be sustained. b) At higher current densities, the mismatch between the O2 and Li-ion transport likely creates a space charge
layer-like interface that cannot be neutralized by the polymer electrolyte resulting in Li-ion transport pathways becoming focused to regions where O2
and Li-ion transport can be sustained.

sites suffer from a mismatch of excess Li+ and limited O2,
causing passivation and blocking. Therefore, solid-state LOBs
under high current tend to favor the growth of existing
Li2O2 rather than the nucleation of new particles. At low
rates, due to the lower current, the Li+ repulsion effect
from the SCL is weaker, allowing more sites to remain
accessible for nucleation. Thus, Li2O2 formation proceeds
through nucleation at multiple sites rather than growth of
existing deposits.

This mechanism can be supported by two lines of evidence.
First, SEM images reveal that Li2O2 particles formed under
high-discharge-current densities are fewer in number but
significantly larger in size, whereas those formed at lower
currents are more numerous yet smaller. This trend aligns
well with the impact of space charge layers (SCLs), which
suppress nucleation at less active sites and promote growth at
limited favorable regions. Second, synchrotron SAXS results,
which provide direct structural evidence for the existence
of distinct favorable sites at the SSE–cathode interface that
facilitate or hinder the nucleation and growth of Li2O2. SAXS
technique is a powerful technique for probing the extent
and manner in which porous structures are filled or altered
by other materials.[35] In our studies, ex situ SAXS data of

pristine cathode, pressed cathode and SSE, and cathode filled
with DMF solvent were shown in Figure S8. The pore volume
distribution as a function of radius is shown in Figure S8b.
The scattering vector q is defined as, q = 4λ

sinθ
where λ is the

X-ray wavelength and θ is the scattering angle. The Pore size
D can be estimated by the equation D = a ∗ 2π

q , where a is an
empirically determined instrument-specific constant derived
from standard calibration samples. Accordingly, smaller q
values correspond to larger pore features. The low-q region
(q < 0.03 Å−1) corresponds to large pores, the mid-q region
(0.03 Å−1 < q < 0.07 Å−1) corresponds to medium-sized
pores. high-q region (q > 0.07 Å−1) is attributed to small
pores. In addition, the scattering intensity I is proportional
to electron density contrast �ρ difference between matrix
material and any substances present within the pores, I ∝ |
ρmatrix−ρfill |. In our case, the matrix material is porous carbon,
while the pore-filling materials include gas (when the pores
are empty), solid-state electrolyte (SSE), and DMF liquid
solvent.

Compared with pristine cathode (black curve, Figure S8c),
the SAXS intensities of cathode/SSE sample (red curve) are
lower in both low-q and high-q regions, but remain similar
in mid-q region. This indicates that large and small pores
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are partially or fully filled by the SSE layer, leading to
reduced electron density contrast and hence lower scattering
intensity. In contrast, the mid-sized pores, particularly around
q = 0.04 Å−1 where the two curves overlap, appear to
remain unfilled. The unchanged intensity in this region
suggests that the pores are still occupied by argon gas,
resulting in no significant change in electron density contrast
(�ρ) and thus no change in scattering intensity. This result
suggests that pores of different sizes are filled by the SSE
to varying degrees: some pores are fully filled, others are
partially filled, and some remain unfilled (Figure S8d). The
volume distribution for the cathode/SSE sample supports the
proposed mechanism. The observed decrease in both small
and large pore volumes suggests that these pores are occupied
by the SSE membrane (Figure S8b). In contrast, the volume
distribution of mid-sized pores increases, which may indicate
that some large pores are only partially filled by the SSE
and now fall within the mid-size range. This partial filling
could result in a modest increase in the fraction of mid-sized
pores. Additionally, as the volume fractions of small and large
pores decrease, the relative contribution of mid-sized pores
naturally becomes more significant.

A fundamental design challenge in solid-state LOBs arises
from the opposing requirements of achieving intimate SSE–
cathode contact and maintaining porous pathways for oxygen
transport. On the one hand, high-pressure crimping is often
necessary to reduce interfacial impedance by ensuring close
contact between the SSE and cathode. On the other hand,
excessive pressure can collapse the porous structure required
for O2 diffusion. Our SAXS results provide direct structural
evidence for this trade-off: pores within the cathode exhibit
heterogeneous filling behavior, with some fully filled by the
SSE, others partially filled, and some remaining open. This
leads to a distribution of interfacial regions with varying
accessibility to Li+ and O2, corresponding to active and less
active reaction sites. The presence of such spatial heterogene-
ity supports the proposed mechanism in which SCL further
restricts transport at less accessible regions, especially under
high discharge currents. The SAXS data, in conjunction with
SEM evidence, confirms that solid-state LOBs batteries oper-
ate under a site-selective mechanism where SCL strength,
pore accessibility, and transport heterogeneity jointly govern
the Li2O2 formation pathway.

Moreover, TGA reveals the presence of residual DMF
within the membrane; however, the amount is minimal and
does not extend into or fill the porous cathode structure, as
confirmed by SAXS results. As shown in Figure S8e, when
the porous carbon cathode is fully filled with DMF liquid,
the scattering intensities in both the low-q and mid-q regions
decrease significantly, indicating that large and medium-sized
pores are occupied by the solvent. In contrast, the high-q
region remains unchanged, suggesting that small pores are
not filled—likely due to the surface tension of DMF, which
prevents it from penetrating pores below a certain size. Com-
pared to the cathode/SSE sample, the cathode/DMF sample
exhibits much lower scattering intensity, further supporting
that in the actual integrated cathode/SSE structure, DMF
does not overflow into the cathode to fill all pores. Instead, it
remains primarily confined within the membrane. The volume

distribution shows a decrease in mid- and large-sized pores,
indicating that these pores are filled by the DMF solvent. In
contrast, pores with radius smaller than 30 Å remain unfilled,
likely due to the inability of DMF to penetrate such small
pores as a result of surface tension limitations (Figure S8b).

While the structural and interfacial analyses above
explain the site-selective behavior of Li2O2 formation at
the mesoscale, further mechanistic insight can be gained
by considering the behavior of LiO2 intermediates at the
molecular level. The difference in LiO2 mobility between
liquid and solid-state systems introduces an additional layer
of control over where and how Li2O2 forms and grows.

The role of LiO2 intermediates provides key insight into
the contrasting behaviors of liquid and solid-state Li-O2

systems. In solid-state systems, LiO2 is essentially insoluble
and immobile due to the absence of a liquid phase. It
stays fixed at the site where Li+, O2, and electrons meet
a true three-phase boundary. The number and quality of
such active sites depend on how well the SSE physically
contacts the porous cathode, as shown by SAXS. Under
low discharge rates, the space charge layer (SCL) effect is
relatively weak, allowing Li+ to reach even fewer active sites.
This leads to dispersed Li2O2 nucleation and the formation
of small particles at many locations. At high discharge rates,
Li+ and O2 fluxes increase, but the SCL effect becomes
stronger, limiting Li+ transport to less accessible regions.
Since LiO2 cannot diffuse away, it reacts immediately at the
few remaining active sites. As the total discharge capacity
remains fixed, these sites receive more reactants, resulting in
faster local growth and the formation of larger Li2O2 particles.
This morphology shift arises directly from the low solubility
and immobility of LiO2, which prevents it from redistributing
across the electrode. This rate-dependent Li2O2 morphology
in which low rates yield many small particles while high
rates produce fewer but larger ones can be directly confirmed
by SEM analysis. In contrast, in liquid-state systems, LiO2

is soluble and mobile. At low current densities, it has time
to diffuse before undergoing disproportionation or electron
transfer. During this time, LiO2 may be absorbed by pre-
existing Li2O2 deposits, leading to the formation of larger
particles. Therefore, low rates in liquid systems tend to yield
fewer but larger Li2O2 particles. At high rates, however, LiO2

has insufficient time to diffuse and instead reacts quickly near
its origin, forming localized Li2O2 deposits that may block
the site. Simultaneously, rapid supersaturation promotes
widespread nucleation across multiple sites, resulting in a high
density of smaller particles.

Investigation of the Overpotential in Oxygen Evolution Reaction

The OER process of Li2O2 deposited at different discharge
rates were investigated, all three cells were then charged at
the same current density of 0.1 mA cm−2. The discharge-
charge profile is shown in Figure 2a. All cells exhibit a
stable plateau during the oxygen reduction reaction (ORR)
process. The voltage profiles of all three cells during the
charging process exhibit an initial sloped regime followed by
a plateaued regime. Overall, the higher the discharge current

Angew. Chem. Int. Ed. 2025, 64, e202507967 (6 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. The OER overpotential investigation. a) Discharge-charge profile of solid-state LOBs at different discharge rates and same charge rates. b)
Bar graph of voltage tuning point of charge step and discharge overpotential of cells operating at different discharge current densities. c) Nyquist
plot, and d) Impedance magnitude bode plot of EIS of solid-state LOB cells after discharging at 0.05, 0.1, and 0.2 mA cm−2, respectively, up to a
capacity of 8 mAh cm−2.

density, the lower the charge potential. The capacity upon
with the turning points between the initial potential sloped
regime and the potential plateau regime are approximately
0.04, 0.06, and 0.08 mAh cm−2 for the cells discharged at
0.05, 0.1, and 0.2 mA cm−2, respectively (Figure 2b). The
discharge capacity was increased to 0.5 mAh cm−2, but the
charge voltage still follows the same trend as before: higher
discharge rate results in lower charge voltage (Figure S9).
These discharge-charge profiles do not align with previous
studies on liquid-state LOB systems. Li2O2 that can be
oxidized at lower voltages have been previously associated to
film-like or nanosized Li2O2,

[36] which is not the case in this
study. To understand this unexpected trend, the dQ/dV was
calculated to further study the trends in the voltage profile
(Figure S10). Two major peaks are observed for all samples,
one at low potential (<3.8 V) and the other at a relatively
higher potential (>3.8 V), which corresponds to the two
different charging regimes in (Figure 2a). The lower potential
peak appears to be further composed of two peaks for the cell
discharge at 0.1 mA cm−2. The cell discharged at 0.2 mA cm−2

exhibited the largest peak magnitude followed by 0.1 and
then 0.05 mA cm−2. However, the potential position of the
peak was the lowest for 0.05 mA cm−2 (−3.55 V) versus 3.65
and 3.75 V for 0.2 and 0.1 mA cm−2, respectively. The cell
discharged at 0.05 and 0.1 mA cm−2 do indeed appear to
have lower first peak position, which could indicate that the
smaller particle sizes of Li2O2 that have been formed at lower
current discharge (as found in the SEM in Figure 1b,c) possess
a lower charge potential initially and suggests that initially,

the charge trends in observed in the liquid system[36] still
hold true to some degree. However, the 2nd peak for 0.05 and
0.1 mA cm−2 occurs at a higher potential than the 1st peak
of 0.2 mA cm−2, possibly indicating different Li2O2 oxidation
modes depending on the particle size or impurities.

As the overpotential is associated with both the impedance
of the anode and cathode interfaces,[37] investigated it is
crucial to first deconvolute the source of the large overpo-
tential. Initial EIS measurements were conducted on all cells.
Subsequently, the cells were subjected to deep discharge at
current densities of 0.05, 0.1, and 0.2 mA cm−2, respectively,
up to a capacity of 8 mAh cm−2. Following the deep discharge,
post-discharge EIS measurements were performed on all
cells.

The Nyquist plot and Bode-like plot of three cells are
shown in Figure 2c,d, respectively. Three distinct impedance
sources, labeled as Z1, Z2, and Z3 from high frequency to
low frequency, were identified based on fitting the data to the
equivalent circuit shown in in Figure 2c. This circuit consists of
a bulk resistor and three parallel combinations of a constant
phase element (CPE) and a resistor. Following studies by
Adams et al., Landa–Medrano et al, and Højberg et al.’ stud-
ies, we associate Z1 with the anode and Z2 and Z3 attributed
to the cathode.[38–40] Z2 is believed to be a cathode-specific
process that is irrelevant to the oxygen reduction, as it could
be present in the argon atmosphere.[40] Z3 represents the
resistance of the electronic transport through the discharge
products, such as Li2O2.[40] The decrease of impedances
associated with the increase of discharge current densities are

Angew. Chem. Int. Ed. 2025, 64, e202507967 (7 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 1: EIS fitting results for solid-state LOB cells discharged at different
rates.

mA cm−2 R bulk Z1 Z2 Z3

0.05 51.4 76.04 244 9482
0.1 53.37 96.86 241.1 3997
0.2 54.73 101 159.4 1416

consistent with the charge profile where the charge voltage
are also lower in the cell that is discharged at higher current
densities (Table 1). Clearly, the impedance of discharge
products on cathode surface is higher when they are pro-
duced at lower discharge current densities (discharged up to
8.4 mAh cm−2) where Z3 was fitted to be 9482, 3997, and 1416
from 0.05, 0.1, and 0.2 mA cm−2, respectively and corrobo-
rates the overpotentials trends with discharge current density.

From the SEM results, a high discharge rate tends to
produce larger Li2O2 particles, suggesting that larger Li2O2

particles are more easily oxidized during charging as they
exhibit a lower overpotential charge (dQ/dV analysis) and
lower impedance. Typically, smaller Li2O2 particles have a
higher surface area relative to their volume (comparatively
higher contact area with conductive support and shorter
transport path length for Li-ion and electrons than larger
particles) and in theory, should facilitate oxidation, leading
to a lower overpotential charge.[14,36] The fact that our result
indicates larger Li2O2 particle yield lower OER potential
suggest something else is possibly dominating the OER
potential. dQ/dV analysis suggests there exist at least three
oxidation events stemming from either sufficiently distinct
groups of Li2O2 particle sizes (with differing impedance) or
differing degree of impurities arising from parasitic reactions
during ORR. Given that the particle size distribution appears
to be relatively monomodal (Figure 1d,e) for both 0.05 and
0.1 mA cm−2, it is unlikely there is a secondary distribution of
Li2O2 that exists unless they are on order of nanometers and
not easily visible by SEM.

Whether the cause of the observed trend in OER overpo-
tential and discharge current density is truly the results of an
unseen (by SEM) distribution of Li2O2 or differences in para-
sitic reactions can be probed by simply measuring the purity of
the discharge product. The yield of Li2O2 from three carbon
paper cathodes discharged at different rates was titrated
using a Ti(IV)OSO4 solution. The results indicate that the
Li2O2 yield was 79.8%, 82.3%, and 83.3% for cells discharged
at 0.05, 0.1, and 0.2 mA cm−2, respectively (Figure S11).
This trend suggests that a lower discharge rate leads to a
lower Li2O2 yield, accompanied by an increased side product
formation. The side products on cathodes were dissolved
in D2O solution, and the resulting solutions were analyzed
using NMR spectroscopy. It is well-established that the main
byproducts in LOB systems are lithium formate and lithium
carbonate.[41] Lithium formate exhibits a characteristic peak
at approximately 8.28 ppm in the 1H NMR spectrum, while
lithium carbonate shows a peak at around 168 ppm in the 13C
NMR spectrum. These peak positions were confirmed using
commercial lithium formate and lithium carbonate powders
as reference standards (Figure S12c,f). Figure S12a,d show the

1H and 13C NMR spectra of the cathode extracts from cells
discharged at different current densities. All samples exhibit
peaks at −8.28 ppm in the 1H NMR and −168 ppm in the 13C
NMR, indicating the presence of lithium formate and lithium
carbonate, respectively. These peaks match those observed for
the commercial reference standards shown in Figure S12c,f.
Since all samples were dissolved in the same volume of D2O
and measured under identical conditions and parameters, the
intensity of the characteristic peaks can be correlated with the
concentration of lithium formate and lithium carbonate. The
results show that as the discharge current density increases,
the peak intensity at 8.28 ppm in the 1H NMR and at 168 ppm
in the 13C NMR progressively decreases (Figure S12b,d),
confirming that the overall concentration of these byproducts
decreases with increasing discharge current density.′′

Consequently, we believe that the high
impedance/overpotential during OER observed in cell
discharged under low current densities can be primarily
attributed to these byproducts and less likely to be
from a multimodal particle size distribution. Differential
electrochemical mass spectrometry (DEMS) conducted
during OER was also carried out to study the OER efficiency.
Cells were discharged to 0.5 mAh cm−2 at current densities
of 0.05, 0.1, and 0.2 mA cm−2 and all charged at 0.1 mA cm−2

with the O2 and CO2 quantified by DEMS. The DEMS
results of cell discharged at different current densities
to 0.5 mAh cm−2 are presented in Figure 3. The charge
profiles follow the same trend as previously discussed: cells
discharged at higher current densities exhibit lower charge
voltages, consistent with the earlier observations.

The low OER rate observed at the initial stage of charging
is a well-known challenge in LOBs, including solid-state
systems. This phenomenon is often attributed to the oxidative
decomposition of parasitic byproducts during the discharge
process. In our system, lithium formate and lithium carbonate
were identified as discharge byproducts (characterization
details provided later). Notably, lithium formate decomposes
around 3.4 V versus Li/Li+,[42] which aligns with the onset
of the charging process. The oxidation of these byproducts
at the early stage of charging contributes to the suppressed
OER rate. Additionally, if the lithium anode is not properly
passivated, oxygen consumption from side reactions can fur-
ther inhibit OER activity. The absence of a liquid electrolyte
in solid-state systems exacerbates these effects, leading to
a delayed onset of oxygen evolution and a persistently low
OER rate in the initial charging phase. Similar behavior has
been reported in previous studies, such as Liang et al.,[43]

where stronger parasitic reactions in the absence of redox
mediators led to significant charging instability and delayed
O2 evolution.

Since the capacity is 0.5 mAh cm−2 for all cells, which
is equivalent to −9.32*10−6 mole cm−2 of O2 generation
based on the reaction 2Li+ + 2e− + O2→Li2O2 can be
used to quantify the OER efficiency of each cell. The Li2O2

DEMS yield rates are 72.7%, 80.7%, and 85.8% for cells
discharged at 0.05, 0.1, and 0.2 mA cm−2, respectively. Clearly,
cells discharged at higher current density have both a higher
Li2O2 yield during ORR (titration result, Figure S11) and
a corresponding OER efficiency. Furthermore, the higher

Angew. Chem. Int. Ed. 2025, 64, e202507967 (8 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. OER DEMS results (at 0.1 mA cm−2) for cells discharged at different rates. a) 0.05 mA cm−2, b) 0.1 mA cm−2, and c) 0.2 mA cm−2.

OER yield is not simply due to a higher Li2O2 yield during
ORR. At 0.05 mA cm−2 the Li2O2 yield is 79.8% but
the OER O2 yield was only 72.7%, a loss of 7.1% from
OER alone. With increasing current density this inefficiency
decreases. At an ORR current density of 0.1 mA cm−2, the
corresponding loss from OER is 1.6%, which is then further
reduced to 0.2 mA cm−2 to < 0% (i.e., within measurement
of titration/DEMS and/or formation) of non Li2O2 discharge
products. The increasing OER efficiency with increasing ORR
discharge rate is likely due to a lowering of the charge
potential, reducing side reactions. From the DEMS results,
these cells evolved 0.651, 0.559, and 0.483 µmol of CO2 gas
for discharge rates of 0.05, 0.1, and 0.2 mA cm−2, respectively.
This confirms that cells discharged at a higher rate tend to
generate fewer byproducts, benefiting both ORR, forming
more Li2O2 and the subsequent OER for a more efficient
charging process.

To further understand the origin of this improved
reversibility and suppressed side reaction behavior, we
examined the role of LiO2 intermediates and their nucle-
ation dynamics under different discharge current densities.
Discharge current density significantly influences both the
activation of nucleation sites and the behavior of LiO2

intermediates at these sites. At low current densities, LiO2

is generated slowly and can disproportionate across a wider
range of surface sites due to the weaker electrostatic repulsion
from the SCL. This spatially dispersed nucleation leads to
lower local LiO2 concentrations and slower disproportion-
ation kinetics. As a result, LiO2 remains at the interface
for longer durations and has increased opportunities to
participate in parasitic reactions with the surrounding solid
electrolyte or cathode components, compromising reversibil-
ity. In contrast, at higher current densities, the SCL becomes
more intensified and restricts Li+ transport to less favorable
regions, effectively localizing electrochemical activity to a
limited number of highly active sites where transport remains
sufficient. LiO2 accumulates more rapidly at these sites, pro-
moting aggregation and disproportionation into Li2O2 before
significant side reactions can occur. This site-concentrated
growth pathway favors the formation of denser and purer
Li2O2 deposits, thereby reducing side product formation.
These trends are supported by DEMS results, which show
enhanced oxygen evolution at higher current densities, and by
SEM observations of fewer but larger Li2O2 particles under
the same conditions.

To further confirm the impact of discharge current density
on OER efficiency, we employed a constant voltage discharge
where the current versus time profile that the system can
sustain is used to test the extreme case of maximally high
(at 2.3 V) current density. Cells were first discharged at
constant current (1 mA cm−2) to 2.3 V in an attempt to
eliminate capacitive capacity contribution. Subsequently, cells
were held at a reducing potential of 2.3 V versus Li+/Li
and the current versus time profile was collected (shown
in Figure 4a). During the initial stage of discharge, the
current drops rapidly from a very high value, followed by a
smaller and stable current. The cells were discharged until
capacity reached either 0.3 mAh cm−2 (high-current region)
or 1.5 mAh cm−2 (low current region). High-current region
was selected to ensure most of the Li2O2 capacity stems
from high-current density discharge while the low current
region has the majority of its Li2O2 deposition occurring at
lower current density (−0.42 mA cm−2). Subsequently, both
cells underwent OER with gas evolution being monitored
by DEMS. The total evolution of O2 gas was quantified and
compared with the expected amount based on the capacity
obtained during constant voltage discharge (Figure 4b,c). The
efficiency of the high-current region was determined to be
85.6%. To isolate the efficiency of the low-current region, the
high-current region’s capacity and its corresponding higher
efficiency contribution were subtracted using Equation S1 and
calculated to be 81.6%, indicating a higher OER efficiency
than the high-current region and aligning with the constant-
current density result (Figure 3). It should be noted that the
yield from the potentiostatic discharge appears to be generally
lower than the galvanostatic discharge, which we believe
stems from a lower discharge potential (2.3 V versus > 2.6 V).
Nevertheless, this result further indicates that the tendency for
a higher discharge rate to result in less byproducts holds true
even at the extreme case of constant voltage discharge with
current densities reaching well over 1.8 mA cm−2 during the
early stages of discharge.

Impact of Discharge Rates on Cycle Performance

To evaluate the impact of discharge rate on cycle performance
of solid-state LOBs, cells were made and cycled at discharged
current densities of 0.05, 0.1, and 0.2 mA cm−2, while main-
taining a consistent charge current density of 0.1 mA cm−2.

Angew. Chem. Int. Ed. 2025, 64, e202507967 (9 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Effect of discharge current on OER efficiency during constant-voltage discharge. a) Discharge profile showing an initial constant-current
(CC) step used to remove capacitive contributions, followed by a constant-voltage (CV) step for faradaic discharge. The profile is divided into
high-current and low-current regions based on the current response. DEMS results of b) High-current discharge region and c) Low current discharge
region. The current density of DEMS charge process is 0.1 mA cm−2.

All cells were cycled with voltage cut-off limits set between
2.3 and 4.7 V (Figure S13). The average charging voltage
and end discharging voltage versus cycle number are plotted
here (Figure 5a). As a result, the 0.1-cell (the cell discharged
at 0.1 mA cm−2) exhibits the longest cycle life up to 245
cycles. In comparison, the 0.05-cell had 235 cycles and 0.2-
cell had 153 cycles (Figure 5b–d). Moreover, while the 0.2-cell
exhibited the lowest OER potential in the initial few cycles,
after six cycles, the difference was nullified with the 0.2-cell
becoming the cell with the high OER potential at the 36th

cycle.
Based on previous results, we believe that the cycle per-

formance is affected by several factors. When the discharge
voltage of the 0.2 mA cm−2 cell drops below 2.30 V at the
163rd cycle (last cycle of 0.2-cell), its corresponding charge
voltage is already at 4.56 V whereas 0.05 and 0.1-cells exhibit
only −4.52 V (for both). As the OER/ORR efficiency at
0.2 mA cm−2 was found to be high, the culprit for the
decrease cycling performance likely stems from the anode
rather than the cathode. The impedance element Z1 (which
we attribute to the Li metal) increases with discharge rates.

This indicates that high-rate discharge may lead to increased
impedance at the anode. While a high discharge rate can
reduce the overpotential of OER at the cathode side, it
appears to increase the impedance of the anode, adversely
impacting the long-term cycling performance of the cells.
High-rate discharge accelerates the increase in impedance at
the anode-SSE interface. During cycling, the solid electrolyte
interface (SEI) formed from side reactions deteriorates the
contact between the anode and SSE, increasing impedance.
Additionally, the interface between anode and SSE can be
degraded due to an unstable SEI. Such damage on the anode
side significantly affects the cycle performance of solid-state
LOBs. The 0.05-cell exhibited a sharp discharge voltage decay
at the −225th cycle accompanied with a drop-in charging
voltage, suggest some degree of shorting from dendritic
lithium, whereas the 0.1-cell exhibited a more gradual cell
death. As discussed earlier, DEMS yield of low-discharge-
rate cells is also lower, accompanied by parasitic reactions that
produces byproducts. These side products can be formed from
the degradation of SSE. These accumulate within the battery
during cycling, eventually leading to its failure.

Angew. Chem. Int. Ed. 2025, 64, e202507967 (10 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2025, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202507967 by N

ational Institute For, W
iley O

nline L
ibrary on [22/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Research Article

Figure 5. Cycle performance. a) Plot of terminal average charge/discharge voltage versus cycle number of solid-state LOBs discharged at different
rates of 0.05, 0.1, and 0.2 mA cm−2, and charged at same rate of 0.1 mA cm−2. All capacities are 0.1 mAh cm−2. b)–d) Voltage profiles of solid-state
LOBs discharged at different rates at every 50 cycles until the end of life.

At the beginning of the cycle, high-rate discharge results
in a lower charge voltage and overall higher coulombic
efficiency based on OER/ORR yields, which is expected to
contribute to longer cycle life. However, this trend cannot be
maintained throughout cycling due to instability at the anode.
Additionally, while our findings align with previous studies
on liquid electrolyte system showing that high-rate discharge
leads to lower charge voltage, Lu et al. reported a contrasting
observation: during the first 75% of the charge process, high-
rate discharge resulted in a higher charge voltage, whereas in
the final 25%, the trend was consistent with our results.[44]

This discrepancy remains unexplored. Clearly, charge voltage
is significantly influenced by capacity, byproduct formation,
and nucleation or growth phase of Li2O2. In our work, high-
rate discharge is beneficial for having lower charge voltage
and higher overall ORR/OER efficiency. However, it causes
more damage to the anode surface, resulting in a rapid decay
of discharge voltage and significantly shortening the cycle life.
While the difference between 0.2 and 0.1 mA cm−2 is not
typically considered significant for lithium metal battery, we
want to point out that such lithium metal cycling conditions
in LOB are different than those of a traditional lithium metal
anode cell due to the formation dissolution of numerous gas
species existing in a LOB cell. Work by Matsuda et al. has
shown that cathode/anode crossovers of O2 and CO2/H2O
formed from side reactions unique to LOB are detrimental
to the cycling of the lithium metal anode and performance
degradation occurs at current densities of a similar order of

magnitude (0.4 mA cm−2) to our work.[45] Low-rate discharge
is advantageous to having lower discharge overpotential and
milder effect on the anode but suffers from lower ORR/OER
efficiency, resulting in the formation of more side products.
These side products degrade the interfaces of each battery
component and weaken the contact between the electrodes
and the SSE, finally leading to battery failure. In our analysis,
a discharge rate of 0.1 mA cm−2 is identified as the optimal
rate for extending cycle performance.

To evaluate the impact of residual casting solvent (DMF)
on the observation and conclusion of this study, two additional
SSE films containing different amounts of residual solvent
were prepared by varying the drying time. TGA analysis
revealed that the residual DMF contents in these SSE
films were 18.3% and 30.9%, respectively (Figure S14a,b).
Using the two SSE films, deep discharge experiments were
performed, and the discharged cathodes were analyzed by
SEM to observe the size of the Li2O2 particles. As shown
in Figure S14e,f, a lower discharge rate produced smaller
Li2O2 particles when using the SSE film containing 18.3%
residual DMF. A similar trend was observed with the SSE film
containing 30.9% residual DMF, as shown in Figure S14g,h.
These results confirm that the Li2O2 particle size still increase
with the increase of discharge rate regardless of residual
solvent in the SSE film.

In addition, the first-cycle discharge/charge voltage pro-
files show that cells discharged at higher current densities
exhibit lower charge voltages (Figure S15a,e). DEMS analysis

Angew. Chem. Int. Ed. 2025, 64, e202507967 (11 of 13) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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revealed that the OER efficiencies for cells using the SSE film
with 18.3% residual DMF were 76.1% and 81.1% at discharge
current densities of 0.1 and 0.2 mA cm−2, respectively
(Figure S15c). Similarly, the OER efficiencies for cells using
the SSE film with 30.9% residual DMF were 82.0% and
86.2% at 0.1 and 0.2 mA cm−2, respectively (Figure S15g).
These results demonstrate that the OER efficiency improves
with increasing discharge current density, regardless of the
residual DMF content in the SSE film. CO2 evolution also
increases with higher discharge rates, suggesting that lower
discharge rates lead to the formation of more byproducts
(Figure S15d,h), which is consistent with our previous
observations. For cycling performance, the cell discharged
at 0.1 mA cm−2 exhibited a longer cycle life than the cell
discharged at 0.2 mA cm−2, regardless of the residual DMF
content in the SSE (Figure S15i,j). This trend is also consistent
with our previous observations. All these results exhibit the
same trend across SSE films containing different amounts of
residual DMF, 18.3%, 23.3%, and 30.9%, confirming that the
presence of residual casting solvent (DMF) does not affect the
key observations or conclusions of this study.

Conclusion

This work reveals the impact of discharge rate on the mor-
phology of discharge product, resulting in varying ORR/OER
efficiencies and ultimately, different electrochemical per-
formance. It is worth noting that the difference between
solid-state LOBs and liquid-state LOBs may change the
behavior of electrochemical reactions. Li2O2 particle sizes
were found to increase with increasing current density which
contrasts with commonly accepted trends in pure liquid
electrolyte system. Compared to liquid-state LOBs, solid-
state LOBs have lower ionic conductivity and homogeneity
in Li-ion transport and O2 transport. Such limitations might
impose a degree of difficulty of Li-ion to nucleate new Li2O2

rather than simply contributing to the growth of already
existing Li2O2 in established Li-ion conducting paths, unlike
the uniform distribution observed in liquid-state LOBs. We
propose that the formation of space charge layers leads to the
deactivation of less accessible interfacial sites, where limited
Li+ and O2 transport prevents effective electrochemical
reactions. As a result, only a subset of highly active sites
remains electrochemically functional under high-current den-
sities, giving rise to site-selective Li2O2 growth. This selective
behavior is consistent with the spatial heterogeneity at the
SSE–cathode interface, as revealed by synchrotron SAXS
analysis. The solid-state LOB system consistently exhibits
lower charge voltage at high discharge rates like previous
studies in liquid-state LOB systems. However, in the solid-
state LOB system, the charge voltage is primarily affected
by byproducts formed during low-rate discharge, rather than
the dimensional size of Li2O2 as seen in liquid-state LOB
systems. In addition, it is found that the efficiencies of both the
OER and ORR improve with increasing discharge rate. As a
result, in our benchmark, a discharge rate of 0.1 mA cm−2 is
identified as the optimal rate for extending cycle performance.
A low discharge rate promotes the formation of byproducts,

while a high discharge rate accelerates the passivation of the
anode interface.
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