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Solid-state lithium (Li) metal batteries are prominent among next-generation energy storage technologies due
to their significantly high energy density and reduced safety risks. Previously, solid electrolytes have been in-
tensively studied and several materials with high ionic conductivity have been identified. However, there are
still at least three obstacles before making the Li metal foil-based solid-state systems viable, namely, high in-
terfacial resistance at the Li/electrolyte interface, low areal capacity, and poor power output. The problems are
addressed by incorporating a flowable interfacial layer and three-dimensional Li into the system. The flowable
interfacial layer can accommodate the interfacial fluctuation and guarantee excellent adhesion at all time,
whereas the three-dimensional Li significantly reduces the interfacial fluctuation from the whole electrode level
(tens of micrometers) to local scale (submicrometer) and also decreases the effective current density for high-
capacity and high-power operations. As a consequence, both symmetric and full-cell configurations can achieve
greatly improved electrochemical performances in comparison to the conventional Li foil, which are among the
best reported values in the literature. Noticeably, solid-state full cells paired with high–mass loading LiFePO4

exhibited, at 80°C, a satisfactory specific capacity even at a rate of 5 C (110 mA·hour g−1) and a capacity reten-
tion of 93.6% after 300 cycles at a current density of 3 mA cm−2 using a composite solid electrolyte middle layer.
In addition, when a ceramic electrolyte middle layer was adopted, stable cycling with greatly improved capacity
could even be realized at room temperature.

INTRODUCTION
Lithium(Li)–based rechargeable batteries play a vital role inmodern society.
They are not only the dominant power source for consumer electronics but
also the most prominent energy storage technology for the widespread
adoption of electric vehicles on the horizon (1, 2). Nevertheless, it has been
generally recognized that batteries with higher energy and power densities
are urgently needed to accelerate the electrificationof transportation, neces-
sitating battery chemistries beyond the state-of-the-art Li-ion (3, 4). To rea-
lize this goal, Li metal is the ultimate anode of choice because it has the
highest theoretical capacity (3860 mA·hour g−1) and lowest electro-
chemical potential (−3.04 V versus standard hydrogen electrode) among
all the candidate materials (5). However, the practical applications of the
Li metal anode have been severely hindered by the problems of poor
cycle life and serious safety concerns, which originated from its high re-
activity with organic liquid electrolytes and uneven deposition behavior
(dendrites). The latter can potentially incur thermal runaway and explo-
sion hazards by internally short-circuiting the cells (6).

To address the aforementioned challenges andmake Li metal anode
a viable technology, an attractive strategy is to replace the volatile liquid
electrolytes with nonflammable solid counterparts that are electro-
chemically stable against Li and mechanically robust to suppress den-
drite growth (7–9). Although a wide variety of solid electrolytes for Li
batteries have been developed throughout the years, ranging from in-
organic ceramic electrolytes to solid polymer electrolytes (SPEs) (10–18),
the same critical challenge, which is the interfacial detachment between
solid electrolytes and electrodes, awaits to be solved for all the systems.

Unlike liquid electrolytes, solid electrolytes barely have any fluidity
to form a continuous contact with activematerials inside the electrodes.
Therefore, the electrochemical process can be severely limited by the con-
tact area, leading to great interfacial resistance and low utilization of
electrode capacity (7). The issue is even more pronounced for the Li
metal anode, whose interfacial fluctuation (defined as the degree of Li
surface movement during cycling) in practical applications can be as
large as tens of micrometers (1 mA·hour cm−2 corresponds to ~5-mm
Li in thickness), making it difficult to cycle the solid-state Li batteries at
high capacity and current density. The uneven current distribution due
to poor interfacial contact may also promote dendrite growth. Several
approaches have been proposed to improve the interfacial adhesion, in-
cluding plasticizing SPEs with small organic molecules (19–21), con-
structing interfacial buffer layers (22–24), and using nanostructured
block copolymerswith liquid-like surface properties (25). However, fur-
ther research endeavors are still needed along these directions such that
good interfacial contact can be realized without compromising the non-
flammability, themechanical properties (known as the “modulus versus
adhesion dilemma”) (25), or the engineering cost of the solid electro-
lytes. Noticeably, all the existing strategies are developed on the basis
of planar Li foil, which could barely remain effective under high areal
capacity cycling due to the drastic interfacial fluctuation, and the current
density that planar Li foil could endure is not high enough, impeding
the high-power operation of the cells.

Here, we present a paradigm shift on the structural design of solid-
state Li batteries: Unlike all the previous studies where solid-state cells
were constructed using planar Li foil, we adopted three-dimensional
(3D) Li anode with high electroactive surface area for the first time
(26–28).Moreover, the challenge of creating a conformal and continuous
ionic contact between the 3D Li anode and the bulk solid electrolyte
was successfully addressed via a flowable ion-conducting interphase.
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compared to the Li foil counterpart at 60°C. At relatively low current
densities, the specific discharge capacity of the Li foil cell was 147,
127, and 101 mA·hour g−1 at 0.2, 0.5, and 1 C, respectively (Fig. 4B),
whereas the values of the 3D Li-rGO cell can be as high as 164, 144, and
126 mA·hour g−1 at 0.2, 0.5, and 1 C, respectively (Fig. 4C). The dis-
crepancy was even larger at increased current densities. The discharge
capacity of the Li foil cell dropped to 57mA·hour g−1 at 2 C and to only
10 mA·hour g−1 at 5 C due to the limited electroactive surface area,
whereas decent capacities can still be retained for the Li-rGO cell
(100 and 70mA·hour g−1 at 2 and 5C, respectively), which is important
for advanced applications. With regard to the long-term cycling sta-
bility, over 700 charge/discharge cycles can be achieved using the 3D
Li-rGO anode with no degradation (Fig. 4D), whereas the capacity of
the Li foil cell decayed rapidly with 200 cycles due to the incrementing
interfacial impedance reflected from themore polarized voltage profiles
(fig. S15).

The 3D Li-rGO full cells with flowable interphase presented even
better performance at 80°C. They could deliver capacities of 170, 156,
141, 132, and 110 mA·hour g−1 at varied rates of 0.2, 0.5, 1, 2, and 5 C,
respectively, which were much better than cells using the Li foil anode
(Fig. 4, E to G). Noticeably, long-term cycling at a high current density
of 3mAcm−2 candeliver an initial discharge capacity of 125mA·hour g−1

with 93.6% capacity retention after 300 cycles (117 mA·hour g−1),
whereas the Li foil counterpart only preserved 46% of its initial capacity
(72 mA·hour g−1) after 300 cycles (Fig. 4H). Superior cycling stabilities

were also demonstrated at other current densities (fig. S16). The coulom-
bic efficiency data of the LFP cells corresponding to Fig. 4 (D andH) are
provided in fig. S17. It is evident that the coulombic efficiency of the 3D
Li-rGO cells demonstrated very stable coulombic efficiency during
cycling with values approaching 100%, whereas the values of Li foil cells
weremuch lower andmuchmore scattered. Finally, full cells operating at
lower temperatures are also possible using the 3DLi-rGOanode,whereas
the Li foil cells barely showed any capacity (40°C, fig. S18). By taking into
account both the cycling capacity and the current density, the full-cell
performance in this study is among the best reported so far (table S1).
The remarkable electrochemical data are a strong indicator of the
superior interfacial properties using our 3D Li-rGO anode with flow-
able interphase.

At lower temperatures, the electrochemical performance is mainly
restricted by the limited ionic conductivity of the CPE middle layer.
To prove the point, the CPE middle layer is replaced by cross-linked
PEGDA electrolyte, whose ionic conductivity is higher at room tem-
perature. As a result, stable cycling can be successfully demonstrated
at room temperature with much reduced overpotential than the Li foil
counterpart (fig. S19).

Solid-state Li-LFP cells with ceramic electrolyte middle layer
Finally, because the aim of this work is to demonstrate an effective
strategy to solve the interfacial impedance issue in solid Li batteries
from an electrode structural design perspective, it is important to
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Fig. 5. Electrochemical performance of solid-state Li-LFP batteries with LLZTO as the middle layer. (A) Schematic of the solid-state cells with 3D Li-rGO or Li foil
anode, LLZTO solid electrolyte middle layer, and LFP cathode. Note that 10 ml of flowable PEG was introduced on top of the Li foil and LFP cathode to improve the
interfacial adhesion. (B) Digital photo image of the translucent polished LLZTO membrane. (C) Working solid-state cell using 3D Li-rGO with flowable interphase as the
anode lighting up a light-emitting diode device. Galvanostatic charge/discharge voltage profiles (D) and cycling performance of Li-LFP full cells (E) using either 3D Li-rGO or Li
foil as the anode at room temperature.
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