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Abstract

Surface contamination and degradation are two main issues leading to performance decay
of ceramic-based solid-state electrolytes (SSEs). The typical strategies used to clean surface
contaminants and restore ceramic materials involve mechanical polishing or high temperature
thermal treatment. However, mechanical polishing can cause other side reactions and cannot
clean contaminants on the grain boundaries of SSEs, while conventional thermal treatment using
a furnace is often energy- and time-intensive, as the heating and cooling processes are slow. In
this work, we for the first time demonstrate a high temperature thermal pulse technique for rapid
ceramic surface processing. As a demonstration, we cleaned a garnet-based Li conductive SSE
featuring lithium carbonate surface contamination in less than 2 seconds. The thermal pulsed

garnet SSE exhibits an improved ionic conductivity of 3.2x10” S/cm—a two-fold increase



compared to the starting material. Symmetric cells featuring the thermal pulsed garnet SSE can
cycle at current densities up to 500 uA/cm?, while control cells short-circuit at a current density

of 100 pA/cm?.

Graphical abstract

IaEEs——) 1250 °C ) <600 °C
1s 0.3s

04s

Keywords: Rapid thermal Pulse; Garnet solid-state electrolyte; Oxygen vacancy; Lithium

carbonate removal; Ceramic; Neutron depth profiling



Surface contamination and degradation are detrimental to the performance of ceramic
materials, since many applications involve physical or chemical processes at the interfaces[1,2].
As lithium (Li) conductive ceramic materials, solid state electrolytes (SSEs) are especially
plagued with these surface issues due to the high mobility and reactivity of Li ions[3-5]. SSEs
have attracted great interest for replacing organic liquid electrolytes in Li-ion batteries due to
their nonflammability, which makes it possible to use Li metal anodes without serious safety
concerns[6-9]. Cubic garnet phase LisLazZr,01, (LLZO) ceramic SSEs are among the most
attractive candidates for achieving Li metal batteries due to the material’s excellent chemical[10]
and electrochemical stability against Li metal and its potential ability to block dendritic Li
growth[11-18].

However, surface contamination or degradation of the ceramic leads to poor interfacial Li
ion transport properties, which negatively affect electrochemical performance. Recent studies
have shown that low ionic conductivity, poor electrolyte-electrode interfaces, and the secondary
phase contaminations at grain boundaries of garnet can cause the short-circuit of garnet SSEs at
high current densities[19-24]. Because of the high reactivity and mobility of Li ions, lithium
carbonate (Li,CO3) contamination is one of the main reasons responsible for these problems.
Particularly for aged garnet SSEs, Li,CO3 can easily accumulate on the surface or even at grain
boundaries[25,26], making the storage of garnet SSEs a challenge in practical battery fabrication.

The conventional strategies to remove Li,CO3and other surface contaminations involve
mechanical polishing or high temperature thermal treatment to directly decompose the
contaminations. However, mechanical polishing can cause other side reactions and cannot clean
contaminants on the grain boundaries of SSEs, while conventional thermal treatment using

typical thermal equipment (i.e., a furnace) takes at least several hours to conduct the high



temperature treatment, which is too long for practical battery manufacturing. Another issue
associated with high temperature treatment of garnet SSEs is the Li loss that occurs due to the
volatility of Li,O at high temperature, which readily vaporizes at 600 °C[27] and can cause a
phase change and poor ionic conductivity[12]. To simplify the thermal treatment and prevent Li
loss, it is necessary to decrease the heating time while still maintaining the cleaning effect.
Therefore, a fast and effective thermal treatment for garnet SSEs would be highly desirable for
practical battery manufacturing.

In this work, we for the first time demonstrate a unique thermal pulse process that can
successfully remove surface contamination from ceramics and restore aged garnet SSEs in less
than 2 s. The maximum pulse temperature can reach up to 1250 °C (higher than the
decomposition temperature of Li,CO3)[28] in 1 s, fully removing Li,CO3; contamination from
both the surface and grain boundaries of garnet SSEs. The ultra-short pulse time also
successfully prevents Li evaporation loss and the corresponding phase change problem. Because
of the high treatment temperature and the inert gas atmosphere, an additional benefit of the
thermal pulse process is the generation of oxygen vacancies in the garnet SSE, which recent
studies have indicated play an important role in the electrochemical properties of the ceramic.
Oxygen vacancies have been demonstrated to affect Li ion transport and therefore the ionic
conductivity of garnet SSEs[29,30], which can be a new strategy to further improve the
electrochemical performance. The thermal pulsed garnet SSEs turn white and feature a 2-fold
increase in the ionic conductivity, which we believe corresponds to the formation of oxygen
vacancies. Benefiting from these effects, the thermal pulsed garnet SSE demonstrated improved

electrochemical stability.



The schematic in Figure 1 demonstrates the rapid thermal pulse process and its effects on
garnet SSEs. In this process, a grayish garnet pellet is placed on top of a carbon-felt heater in an
argon-filled glove box. The carbon felt strip is rapidly powered through Joule heating, and the
temperature of the garnet pellet increases up to 1250 °C, in which the slight evaporation of
lithium oxide introduces oxygen vacancies. Since the temperature is much higher than the
decomposition temperature of Li,CO3[28], and the carbon felt can also act as a reductant at high
temperature[31], Li,CO3 on the garnet surface and grain boundaries can be thoroughly removed
during the thermal pulse treatment. The cleaning effect is important in the real fabrication of
garnet-based solid-state Li metal batteries, as the storage of garnet SSEs will inevitably result in
the formation of Li,CO3; on the surface. The short treatment time ensures the Li loss due to
evaporation is not significant, which is critical to maintain the phase and ionic conductivity of
garnet SSEs. The unique rapid Joule heating method also enables the potential for a roll-to-roll

process to clean garnet SSEs for real applications.
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Fig. 1. Schematic of the rapid thermal pulse treatment process of garnet SSE. During the

treatment, Li,CO3 contamination is removed, simultaneously generating oxygen vacancies.



Results and discussion

Fig. 2a shows the thermal pulse treatment of the garnet SSE, in which we can clearly see
that the pellet color changes from grayish to white. The cross-sectional image in Fig. S1
demonstrates that this white color is not only on the surface but also in the bulk, indicating a
whole pellet change after treatment. The images and the corresponding temperature profile
indicate the garnet pellet was rapidly heated up from room temperature (RT) to 1250 °C in about
1 s, and this high temperature lasts for about 0.4 s. The subsequent natural cooling process only
takes about 0.3 s, which makes the whole process less than 2 s long. Note that the temperature
profile was acquired with a VIS-NIR spectrometer using a previous fitting method[32], which
can be used to detect temperatures higher than ~600 °C. Due to the thermal capacity of the garnet
pellets, the real temperature of the pellets may be slightly lower than the detected temperature of
the carbon felt heating strip.

Cross-sectional scanning electron microscopy (SEM) images of the untreated and treated
garnet pellets were used to characterize changes in morphology. Images of the near surface
cross-section (Fig. 2b, ¢) show that the surface contamination was fully removed after the rapid
thermal pulse treatment. Higher magnification SEM images of the interior grain boundaries
further demonstrate the cleaning effect of the rapid thermal pulse treatment on the garnet SSE, in
which the untreated garnet features rough contamination on the grain boundaries (Fig. 2d), while

the same interfaces of the thermal pulse-treated garnet are much cleaner and smoother (Fig. 2e).



L

Temperature

)
Q
=
S
©

(O]

©
(]

=]
©
e
ey
c
=

Treated Garnet

Surface cross-section Interior cross-section
Fig. 2. Rapid thermal pulse treatment of garnet pellets. (a) Images of the thermal pulse treatment

process at different temperatures, and the temperature profile of the process. Cross-sectional



SEM images near the surfaces of the garnet pellets (b) before and (c) after the thermal pulse
treatment. (d, e) Cross-sectional SEM images of the interior grain boundaries. The rough

contamination of the untreated garnet (d) was removed after the thermal pulse treatment (e).

Besides the morphology change, we also studied potential crystal structural changes of
the garnet SSE during the thermal pulse treatment. As previous works have reported[31,33],
thermal treatment can remove Li,COs; contamination from garnet. To demonstrate the
effectiveness of Li,CO3; removal, we applied the rapid thermal pulse treatment to a garnet pellet
aged for two weeks in air. Based on the SEM images in Fig. S2, the grain size statistics of the
treated and untreated garnet samples are shown in Fig. 3a, in- which no obvious grain growth can
be observed after treatment. X-ray diffraction (XRD) was used to characterize any phase change
of the material (Fig. 3b). Small Li,CO; peaks can be identified in the XRD pattern of the aged
garnet, however, the peaks are absent in the pattern of the treated garnet, indicating the cleaning
and restoring effect of the thermal pulse process. All the garnet peaks of both the untreated and
thermal pulsed samples matched well with the standard cubic garnet phase (PDF#80-0457)[34].
The main difference is the relative intensity of each peak, especially the ones highlighted by the
dashed-line box, which indicates a possible slight change in the lattice parameter. According to
this XRD analysis, we can eliminate the possibility of a phase change from cubic to tetragonal
due to excessive Li loss at high temperature.

Raman spectroscopy was also measured for the garnet SSE before and after the thermal
pulse treatment. All the main bands corresponding to LLZO agree with the cubic garnet phase
(Fig. 3c), which further confirms there was no phase change after the thermal pulse

treatment[35]. The Raman spectra also confirm the cleaning effect of the rapid thermal pulse
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treatment. The intense bands in the Raman spectrum at 158 cm™ and 1091 cm™ indicate a
significant amount of Li,CO3z formation in the aged sample[35]. After rapid thermal pulse
treatment, no obvious bands corresponding to Li,CO3 can be identified, which agrees with the
morphology changes of the samples shown in Fig. 2 and the XRD analysis of Fig. 3b.

To characterize the lithium loss during the rapid thermal pulse treatment, neutron depth
profiling (NDP) was used to quantitatively measure the lithium change[36,37]. Freshly-made
garnet pellets were used to avoid the influence of Li,COj3, and the surface was dry-polished with
1200 grit SiC sandpaper[34] for both the untreated and thermal pulse-treated pellets just prior to
NDP analysis. The Li depth distribution profiles of the untreated and the thermal pulse-treated
garnet pellets are shown in Fig. 3d. The profiles are from the *H reaction products only. After
integrating the counts over the whole energy range, the Li loss was calculated to be 1.59% +
0.14% after treatment, much lower than that of other thermal treatments[12,31,38]. The
quantitative NDP measurements indicate that Li loss during the rapid thermal pulse treatment is

not significant within the bulk, which agrees with the XRD and Raman results.
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Fig. 3. Characterization of the garnet SSE before and after thermal pulse treatment. (a) Grain size

distribution of the untreated and thermal pulse treated garnet, indicating no grain size change. (b)

XRD patterns and (¢) Raman spectra of the garnet pellets before and after the thermal pulse

treatment. (d) Li depth profile of the garnet pellets before and after the thermal pulse treatment,

as measured via NDP analysis. The similar counts indicate that the Li loss to the bulk of the

sample during thermal pulse treatment is negligible. Fractional error bars are calculated based on

experimental counting statistics.

12



The color changes of the garnet pellets can be directly characterized by the UV-Vis
absorption spectrum. On the UV-Vis spectra (Fig. S3), the untreated garnet has higher absorption
than the rapid thermal pulse-treated garnet, especially in the high wavelength range. The UV-Vis
measurements indicate that the rapid thermal pulse-treatment increases the band gap of the
garnet SSEs, which may potentially increase their chemical stability against Li metal[39]. This
color change effect has been previously reported in several works. Goodenough and his
coworkers thought the color change was due to the removal of Li,CO3; during thermal pulse
treatment[31]. However, Doeff et al. have demonstrated that the sintering atmosphere can affect
the color and the ionic conductivity of garnet pellets, and they proposed that the color change
may be due to the formation of oxygen vacancies[40].

To understand the color change, we conducted X-ray photoelectron spectroscopy (XPS)
analysis of the garnet pellets before and after the rapid thermal pulse treatment. Data was also
collected after Ar ion sputtering to remove the post surface contamination for both the untreated
and treated samples, designated as ‘“untreated-S” and “treated-S,” respectively. In the C 1s
spectra (Fig. 4a), both the treated and untreated garnet SSEs before sputtering have peaks
corresponding to Li,CO3 and hydrocarbon contaminations. After sputtering all the Li,CO3 and
hydrocarbon have been removed from the treated-S sample, and most of it from the untreated-S
sample, again showing that Li,COg is found in the form of an overlayer. The absence of the peak
at ~290 eV corresponding to carbonate species for the thermal pulse-treated garnet further
demonstrates the removal of Li,CO3 by the rapid thermal pulse treatment. The peaks in the O 1s
spectra at 529 eV and 531eV correspond to the O from garnet and Li,COs, respectively (Fig.
4b)[31]. Before sputtering, the treated garnet displays a higher O% intensity at ~529 eV

compared to the untreated sample, indicative of the larger attenuation of the carbonate overlayer
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after the thermal pulse. After sputtering, as seen by the absence of carbonate in the C 1s spectra
(Fig. 4a), there should be no oxygen from carbonate in the O 1s spectra. However, there is still a
peak at the higher binding energy (~531 eV) for the treated-S garnet sample. Since there is only
one type of oxygen in the cubic LLZO crystal structure, it has been suggested that this peak
could be due to oxygen vacancies[41], which is a common defect in garnet SSEs annealed in low
oxygen atmospere[29,30]. Even though the intensities of the peaks at ~531 eV for treated-S and
untreated-S in the O 1s spectra look equivalent on first glance, for the untreated-S sample there is
actually still some carbonate remaining that is contributing to the signal. We calculated based on
the C 1s peak that approximately 28% of the O 1s peak at ~531 eV for the untreated-S sample is
due to carbonate. If the peak at ~531 eV is due to O vacancy, this would imply a larger number
of vacancies in the thermal pulsed sample (treated-S) than the untreated garnet (untreated-S).
Besides the difference in intensity, the peak at ~531 eV for the treated-S sample is slightly
shifted to lower energy, which may also indicate the formation of O vacancies. In the Zr 3d and
La 3ds/, spectra, there were no obvious changes after the rapid thermal pulse treatment (Fig. 4c,
d). Therefore, the two main possible reasons for the observed color change are the removal of
Li,CO3 and the formation of oxygen vacancies.

To further exam these two explanations, a control experiment was conducted, in which
the white thermal pulsed garnet pellets were re-annealed in pure oxygen atmosphere at 800 °C
for 10 min. All the white pellets change back to a grayish color after this treatment. The result
indicates that the color change during the rapid thermal pulse treatment is due to the formation of
oxygen vacancies rather than the removal of Li,COs, which is in agreement with previous reports
that garnet SSEs annealed in argon are whiter than those annealed in air or oxygen[40]. Previous

studies have shown that white garnet SSEs with more oxygen vacancies typically have better Li
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ionic conductivities[30,40]. However, the synthesis of garnet SSE in air is more practical and
cost-effective, and the use of oxygen atmosphere can help densify the pellet during annealing[42].
Our rapid thermal pulse treatment can therefore take advantages of both processing conditions.
Specifically, garnet SSE synthesized in air or oxygen can be rapidly treated in inert gas to

introduce oxygen vacancies and improve the ionic conductivity.
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Fig. 4. XPS measurement of garnet SSEs before (Untreated) and after (Treated) thermal pulse
treatment, including (a) C 1s, (b) O 1s, (c) Zr 3d, and (d) La 3d spectra. The data was also
collected after argon ion sputtering for both the untreated and treated samples, designated as

“untreated-S” and “treated-S.”
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We studied the electrochemical properties of the rapid thermal pulse-treated garnet SSE
by measuring the ionic conductivity and cycling performance of Li/SSE/Li symmetric cells. As
electrochemical impedance spectroscopy (EIS) shows in Fig. 5a, the ionic conductivity of the
thermal pulse-treated garnet (~3.2x10™ S/cm) was about twice that of the untreated material
(~1.6x10™ S/cm) due to the formation of oxygen vacancies, which is in agreement with the
literature[29,40]. To further demonstrate the improved electrochemical properties of the thermal
pulse-treated garnet, Li-Garnet-Li symmetric cells were assembled to conduct cycling at
different current densities. The EIS spectra of the symmetric cells with the thermal pulse-treated
garnet are shown in Fig. 5b, and the voltage profile of the cycling behavior is shown in Fig. 5c.
The cell was cycled with elevated current densities from 100 uA/cm?, and we observed the
voltage profile was stable and smooth at current densities up to 300 pA/cm?. At the end of the
300 pA/cm? cycling, the EIS was measured and shown in Fig. 5b, which only featured a slight

increase from approximately 250 Q-cm® to 280 Q-cm?

, Indicating excellent electrochemical
stability. When the current density was further increased to 500 uA/cm?, the voltage profile of
the treated garnet starts to show polarization and becomes noisy at the fourth cycle (Fig. 5c).
After 500 pA/cm?, the EIS curve shown in Fig. 5b indicates a short-circuit, however, the current
density achieved using the treated sample is comparable to the highest reported in the literature
for garnet SSEs[33]. As a comparison, a control cell made with the untreated garnet was cycled
at the same condition, and the cell died in the first cycle at a current density of 100 pA/cm? (Fig.
5¢). Note that the starting garnet pellets used in this work only have moderate density and ionic

conductivity. If we began with higher quality garnet, we expect the electrochemical performance

of the treated material would be even further improved.
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The improved electrochemical performance of the treated garnet can be attributed to the
increased ionic conductivity and the removal of Li,CO3 during the rapid thermal pulse treatment.
Therefore, this treatment method can be used to quickly restore and boost the electrochemical
properties of garnet SSEs during the practical fabrication of solid-state batteries. Compared with
regular thermal treatment, the rapid thermal pulse has much shorter treatment time, which allows
it to be integrated in roll-to-roll processes for potential scalable processing of ceramic materials.
As the schematic in Fig. 5d shows, the untreated ceramic thin pellet with surface contamination
and degradation can be quickly transported through two ultra-fast radiating heaters, in which the
ceramic is thermally pulsed, producing a cleaner and more electrochemically stable material for

battery application.
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Fig. 5. Electrochemical performance of the thermal pulse-treated garnet SSE. (a) EIS
measurement of the garnet SSE before and after the thermal pulse treatment. (b) EIS
measurement of the symmetric cells with the thermal pulse-treated garnet at different cycling

stages. (c) Voltage profiles of the symmetric cells cycled at different current densities. The blue
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curve is the cell with the untreated garnet, and the red curve is the cell with the thermal pulse-
treated garnet. (d) Schematic of the roll-to-roll process for rapid thermal treatment of ceramic

materials.

Conclusion

For the first time, we have developed a thermal pulse technique for rapid ceramic surface
processing that can quickly clean surface contamination and restore the materials in less than 2 s.
As a demonstration, we successfully cleaned Li,CO3 contamination from the surface and grain
boundaries of garnet SSEs. The ultra-short processing time prevented Li loss and any phase
change of the garnet SSE at high temperature. We systematically studied the formation of
oxygen vacancies by this process, which results in an increase in ionic conductivity of the garnet
SSEs from about 1.6x10™* S/cm to 3.2x10™ S/cm. The rapid thermal pulse treatment also
significantly improved the electrochemical stability of the material. Additionally, the critical
cycling current density in symmetric cells increased from 100 pA/cm? to 500 pA/cm? after the
thermal pulse treatment. This unique Joule heating method and ultra-fast process enable the

potential for roll-to-roll processing for ceramic surface treatment in practical applications.
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Methods

Synthesis of the Garnet Solid-State Electrolyte. The Al-doped Lig7sLasZr,O1, garnet
electrolyte was synthesized via a solid-state reaction method. LiOH-H,O (99.9%, Sigma
Aldrich), La;O3 (> 99.9%, Sigma Aldrich), and ZrO, (99.9%, Sigma Aldrich) were used as
precursors. Stoichiometric amounts were adequately mixed in isopropyl alcohol (IPA) for 12 h.
12% excess LIOH-H,0 was added to compensate for the loss of lithium during synthesis. Al,O3
nanopowder (~2 wt% of the total material) was added to help the sintering process. The
stoichiometrically mixed powders were calcined at 920 °C for 12 h. Then the powders were
mixed with IPA and ball-milled for 9 h. The powders were pressed into pellets with diameters of
10 mm at 300 MPa and sintered at 1150 °C for 9 h. After the sintering process, the surface of the
pellets was polished with 1200 grit sandpaper in an Ar-filled glovebox.

Thermal pulse treatment. Two tips of the carbon felt heating strip were attached to the edge of
glass substrates using silver paste (SPI Supplies). Then a conductive copper tape was used to
connect the heating strip with the power supply (VOLTEQ HY6020EX). The garnet pellets were
directly placed on the heating strip. A Keithley 2400 power supply unit was used to generate
signals that controlled a solid-state relay to control the power on and off. The thermal pulse
process was recorded using a digital camera (Canon 60D, 30 frames s*). The temperature of the
heater was calculated by fitting the radiation spectrum following a previous method[32], which
was collected by a VIS-NIR spectrometer (USB2000+, Ocean Optics).

Electrochemical Measurement. A Li metal anode was coated on the garnet using a previous
method[43]. Electrochemical tests of Li/garnet/Li symmetric cells were conducted on a BioLogic
VMP3 potentiostat at room temperature. The EIS was performed with a 20 mV AC amplitude in

the frequency range of 100 mHz to 1 MHz for Li/garnet/Li cells. Galvanostatic stripping-plating

21



of the Li/garnet/Li symmetric cells were recorded at room temperature with various current
densities. The cells were placed in an Ar-filled glovebox to conduct all measurements.

Materials Characterization. The morphologies and elemental mapping of the Li alloy-garnet
cross sections were conducted on a Tescan XEIA Plasma focused ion beam SEM at 10 kV. XRD
spectra were measured on a C2 Discover diffractometer (Bruker AXS, WI, USA) using a Cu Ka
radiation source operated at 40 kV and 40 mA. Raman characterization was done with a
Horiba Jobin-Yvon equipped with a 532 nm laser and using an integration time of 4
seconds repeated for 4 measurements. The absorbance spectra were measured with a UV-Vis
Spectrometer Lambda 35 (PerkInElmer, USA). XPS data was collected on a Kratos Axis 165
operating in hybrid mode using monochromatic Al Kalpha X-ray source (1486.7 eV). Charge
neutralization was required to minimize sample charging. Survey spectra and high-resolution
spectra were collected with pass energies of 160 eV and 40 eV, respectively. Data was collected
both before and after argon ion sputtering. Sputtering was done at 4 kV and 25 ma emission
current. The argon ion beam had a spot size of ~1 mm and was rastered to create a crater of 7 by
7 mm in size. The current measured at the sample holder when the beam was static (not rastered)
was 2.5 pA. Samples were sputtered for 20 minutes. All the XPS spectra were calibrated to the
lowest multiplet of the Zr 3ds; spin orbit split component at 180.8 eV. All samples were
transported to the XPS instrument in an Ar environment, in which samples were polished in the
glove box prior to transport to the XPS, and a glove bag was attached to the XPS instrument to
minimize exposure to oxygen and water in an effort to prevent the formation of a thick Li,CO3
layer on the surface.

NDP data was collected at the Neutron Guide 5 (NG5), Cold Neutron Depth Profiling station at

the NIST Center for Neutron Research (NCNR) at the National Institute of Standards and
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Technology (NIST, Gaithersburg, MD). The garnet pellets were dry polished with sand paper
right before the measurement to reduce the effect of Li,CO3. Samples were mounted with a 3.0

mm circular, Teflon® aperture. Each sample was irradiated at a near constant neutron fluence

rate of cold neutrons (= 10° cm 2 s %), and all experiments were conducted under vacuum and at

room temperature. NDP spectra were collected for ~10 h per sample. °Li nuclear reaction
(°Li(n,0)*H) product triton particles (*H) were detected using a circular transmission-type silicon

surface-barrier detector that was positioned ~120 mm from the sample surface. Each spectrum

was corrected for variations in the neutron fluence rate, detector dead time (= 0.01 %), and

background noise. Li concentrations were calculated in reference to the known concentration of
18 in a B-implanted concentration standard, according to the following equation. Fractional
error was calculated based on experimental counting statistics.

Oo,p

la] = [b]

00,a
in which [a] and [b] are the concentrations (atoms/cm?) of isotopes a and b being measured in
the sample and standard, respectively, and oo is the thermal neutron cross-section for the
charged-particle emission. The slight difference in the position of the surface between the two
samples is most likely due to the slight depletion of Li from the sample’s surface during dry

polishing.
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