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Experimental
Fabrication of 3D-LLZTO

Tantalum (Ta)-doped LisaslasZri4TaosO12 (LLZTO) powders and dense pellets
were prepared according to our previous work !. 1 M hydrochloric acid (HCI) was
obtained by concentrated HCI1 (12 M) adding certain water. The LLZTO pellets were
immersed in the HCI solution for 1 h. After that, the acid-treated pellets were rapidly
washed by ethanol and dried by a hairdryer. Various acid-etching time was used to
examine the effect on the thickness of porous structure.
Fabrication of 3D-LLZTO@ZnO
A layer of ZnO with 20 nm thickness was coated on the 3D-LLZTO surface by the
atomic layer deposition (ALD) method with Gemstar-8 ALD system (Arradiance,
USA). The ALD process with 150 cycles was operated in a vacuum condition and at
150 °C. Ar gas functions as the carrier gas in the whole process. Precursors diethyl zinc
(DEZ) and water were used as precursors for the ALD process. The same ZnO layer
was also coated on the LLZTO surface for comparison.
Materials characterizations

Crystal structures of samples were examined by X-ray diffraction (XRD, Bruker
D2 Phaser), using Cu Ka radiation with 26 in the range of 10°~80° and a step size of
0.02°. Surface and cross-section morphologies of the LLZTO pellets were investigated
by scanning electron microscopy (SEM, S3400 and S4800). X-ray photoelectron
spectroscopy (XPS, ESCALAB-250) were performed to characterize the composition

of LLZTO pellets before and after acid-etching.



Electrochemical performance tests

Ionic conductivities of the various LLZTO samples were measured by an
impedance analyzer (Novocontrol Beta High Performance Impedance Analyzer) with
an AC of 10 mV from 0.1 to 7 M Hz in frequency. Thin gold layers on both surfaces of
ceramic pellets were performed by magnetic sputtering as electrodes before the
conductivity test. The 3D-LLZTO@ZnO pellets were sandwiched between two pieces
of Li metal to construct the symmetric cells. Li metal electrodes were melted onto the
two sides of the LLZTO pellets at 300 °C for 30 min in an Ar-filled glovebox before
sealing in Swagelok-type cell mold. A pressure of approximately 10 N cm™ was exerted
on the ceramic plates via springs to keep close contact. Electrochemical impedance
spectroscopy (EIS) measurements were performed in the frequency range from 1 MHz
to 0.1 Hz with an amplitude of 10 mV by an Autolab instrument. Galvanostatic cycling
tests were conducted using a Land battery cycler under different current densities at 25
°C. L/LLZTO/Li1 and L/LLZTO@ZnO/L1 symmetric cells were also fabricated and
cycled under the same procedure as a comparison. Li metal anodes with two different
thickness (200 um and 30 pum) were used for investigating the effect of Li volume
change on the Li dendrite growth. The Li anode was the ~200 pum Li without any special
notification. Three cells were assembled for cross-sections at different states during
plating and stripping at 0.5 mA cm (1 mAh cm™).

To fabricate “all-in-one” LFP/Li cells, the LFP, PVDF, LiTFSI, and SP with the
weight ratio of LFP: LiTFSI: SP: PVDF=5: 3.5: 1: 0.5 were mixed together to fabricate

cathode slurry using N-Methyl pyrrolidone (NMP) as solvent 2. The slurry was



infiltrated into the LLZTO framework and heated at 80 °C in a vacuum oven for 12 h.
The LFP loading is ~2 mg cm™ and 1 C = 170 mAh g'!. The ~30 pum-thick Li was
infiltrated into the other side of the LLZTO porous framework. The LFP cathodes
with a similar LFP loading were also coated on LLZTO and LLZTO@ZnO pellets to
fabricate LFP/Li full cells for comparison. The LFP/Li cells were operated at 60 °C.
The GITT was carried out with a pulse current of 0.1 C for 10 min and rest for 30 min

at the 2™ cell cycle.

a) Pure LLZTO b) 3D-LLZTO C)  3D-LLZTO after sanding

D= 1.007 mm D= 0.957 mm D= 0.900 mm

Figure S1 Thickness measurements of a) pure LLZTO, b) 3D-LLZTO by acid-etching
and c¢) 3D-LLZTO after sanding the upper 3D layers.



Figure S2 Cross-sectional SEM images of acid-etched 3D-LLZTO for a) 15 min, b) 30
min, ¢) 1 h,and d) 2 h.

As shown in Figure S2, the thickness of the porous layer increases from 5 pm to
30 um when the time for acid etching increases from 15 min to 1 h. Further increasing
the etching time cannot increase the thickness of the 3D structure, indicating a dynamic
equilibrium after 1 h acid etching. In order to obtain various thicknesses and porosities
of 3D LLZTO frameworks, the concentration of HCI can be changed and some surface-

active agents can be added in the HCI solution, which will be studied in the future.
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Figure S3 XRD patterns of LLZTO, 3D-LLZTO and 3D-LLZTO@ZnO.
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Figure S4 EIS spectra of LLZTO, LLZTO (1 min), 3D-LLZTO (1 h), 3D-LLZTO (2

h), and polished 3D-LLZTO (1 h).
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Figure S5 Raman spectra of the LLZTO and 3D-LLZTO by acid etching.
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Figure S6 a) Raman spectra of the ZnO thin film on the glass plate and ZnO thin film
contacted with molten Li on the glass plate. b) Zn-Li alloy phase diagram °.

The interfacial contact can be greatly improved by the ZnO layer. We further
characterized the reactions at the interface by Raman spectra. As shown in Fig. 4a, the
peaks at 497, 908, and 1086 cm™! correspond to the amorphous ZnO by ALD *. These
peaks of ZnO disappear and the Li>O peaks at 521 and 796 cm™! are obtained when the
ZnO is contacted with the molten Li at 300 °C. The enhanced wettability at the interface
could be attributed to the conversion reaction between ZnO and Li (equation (1)).

ZnO (s)+Li(l) — Li2O(s)+Zn(s) (1)
Subsequently, the Zn further reacts with the Li to form alloy at 300 °C according to the
Zn-Li alloy phase diagram (equation (2)). The as-formed Zn-Li alloy shows the
excellent ion/electron conductivity, which can guide uniform Li deposition. It should
be noted that the Li>COs peak at 1090 cm™ could be attributed to the briefly exposed
Li metal to air during the sample transfer for Raman testing.

Zn(s)+Li(l) — LiZn(s) (2)



Figure S7 Top-view SEM images and EDS mappings of the 3D-LLZTO@ZnO pellet.
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Figure S8 EIS spectra of a) Li/LLZTO/Li, b) L/LLZTO@ZnO/Li, and c) Li/3D-
LLZTO@ZnO/Li cells during CCD tests.
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Figure S9 CCD of a) Li/LLZTO@ZnO/Li,

thin Li anodes (~30 pm).
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and b) Li/3D-LLZTO@ZnO/Li cells with



Figure S10 a) Optical image, b) surface morphology and c) cross-sectional SEM image
of the Li/LLZTO/Li cell after short circuit at 0.5 cm™ cycling. d) Optical image, e)
surface morphology and f) cross-sectional SEM image of the Li/LLZTO@ZnO/Li cell
after short circuit at 0.5 cm™ cycling. g) Optical image, h) surface morphology and i)
cross-sectional SEM image of the Li/3D-LLZTO@ZnO/Li cell after 600 h cycling at
0.5 cm cycling. Note that the Li metal electrodes were removed by sanding.
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Figure S11 a) Galvanostatic cycling performance of the Li/LLZTO@ZnO/Li cell and
Li/3D-LLZTO@ZnO/Li cell under 0.5 mA ¢cm™ (0.25 mAh cm™) at 25 °C. The
thickness of Li anodes here is ~30 um. b) Galvanostatic cycling performance of the
Li/3D-LLZTO@ZnO/Li cell at 1 mA cm? (0.5 mAh cm).
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Figure S12 a) Schematic of “all-in-one” cells with a 3D Li anode and LFP cathode. b)
cross-sectional SEM image and c¢) EDS mappings of the 3D LFP cathode. d) Rate
performance of the LFP/LLZTO/Li, LFP/LLZTO@ZnO/Li and LFP/3D-

LLZTO@ZnO/Li cells. e) Cycle performance of the LFP/3D-LLZTO@ZnO/Li cell
under 0.2 C at 60 °C.
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Figure S13 Charge/discharge curves of the LFP/LLZTO/LFP, LFP/LLZTO@ZnO/Li,
and the LFP/3D-LLZTO@ZnO/Li cells at various current rates.
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Figure S14 a) Transient discharge curves and b) polarization plots of 3D-LFP/Li cell
under 0.1 C at 60 °C obtained by GITT. c¢) Transient discharge curves and d) polarization
plots of 2D-LFP/Li cell under 0.1 C at 60 °C obtained by GITT.
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