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Abstract: We report on the use of an atmospheric pressure, open-air plasma treatment to remove

Li2CO3 species from the surface of garnet-type tantalum-doped lithium lanthanum zirconium oxide

(Li6.4La3Zr1.4Ta0.6O12, LLZTO) solid-state electrolyte pellets. The Li2CO3 layer, which we show

forms on the surface of garnets within 3 min of exposure to ambient moisture and CO2, increases the

interface (surface) resistance of LLZTO. The plasma treatment is carried out entirely in ambient and

is enabled by use of a custom-built metal shroud that is placed around the plasma nozzle to prevent

moisture and CO2 from reacting with the sample. After the plasma treatment, N2 compressed gas is

flowed through the shroud to cool the sample and prevent atmospheric species from reacting with

the LLZTO. We demonstrate that this approach is effective for removing the Li2CO3 from the surface

of LLZTO. The surface chemistry is characterized with X-ray photoelectron spectroscopy to evaluate

the effect of process parameters (plasma exposure time and shroud gas chemistry) on removal of the

surface species. We also show that the open-air plasma treatment can significantly reduce the interface

resistance. This platform demonstrates a path towards open-air processed solid-state batteries.

Keywords: Li-ion; solid-state battery; interface; EIS; ionic conductivity; pellet; ion transport; surface

chemistry; defect; stability

1. Introduction

Successful synthesis of cubic lithium lanthanum zirconium oxide (c-LLZO) by Mu-
rugan et al. in 2007 marked an important milestone in the advancement of garnet-based
solid-state electrolytes (SSEs) [1]. Most notably, c-LLZO stands out due to its unique combi-
nation of properties, including high Li-ion conductivity at room temperature (~1 mS cm−1),
low activation energy (0.3 eV), excellent oxidation stability at high voltages, and chemical
stability against several electrode materials, which is rare among discovered SSEs [2–5].
Ta-doping to form LLZTO has been used more recently to provide the critical Li vacancy
concentration needed to stabilize c-LLZO [6,7].

Integrating LLZO into solid-state batteries (SSBs) to match the electrochemical per-
formance of traditional Li-ion batteries using liquid electrolytes presents numerous chal-
lenges [8,9]. One significant obstacle is the spontaneous formation of Li2CO3 on the surface
of LLZO upon exposure to moisture and CO2 [10,11]. The mechanism of this reaction is
well documented [12–15]. This process removes Li from the bulk LLZO structure, resulting
in a Li-deficient LLZO phase beneath a newly formed Li2CO3 layer [16], which could lead
to decreased ionic conductivity. Surface Li2CO3 also causes poor contacts at the Li/LLZO
interface, resulting in decreased Li-ion transport and higher interface impedance [17,18].
Moreover, Li2CO3 accumulated in the LLZO grain boundaries tends to reduce to elec-
tronically conductive LiCx during electrochemical cycling, accelerating the transition of Li
ions into Li dendrites [19]. Additionally, phase inhomogeneity caused by Li2CO3 at the
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electrode–electrolyte interface may result in inferior mechanical properties of the materials
and interfaces [20,21].

The effect of Li2CO3 on compromising the mechanical, electrochemical, and safety
performance of SSBs has been extensively examined in previous work [15,22–26]. There-
fore, removing surface Li2CO3 from LLZO SSEs emerges as a crucial approach to ensuring
optimal electro/chemo/mechanical and safety performance of SSBs. The current meth-
ods for removing Li2CO3 include mechanical polishing, use of inorganic additives, and
thermal treatments under Ar atmosphere, which are time-consuming and difficult to scale
up [27–33]. In contrast to this, previous research has demonstrated that scalable, faster pro-
cessing steps, such as exposure to atmospheric pressure (open-air) plasma, can be effective
for contamination removal, activation, and deposition on metal, ceramic, and polymeric
surfaces [34–37]. In this work, we investigate the use of an atmospheric pressure (open-air)
plasma to remove surface Li2CO3 formed on LLZO pellets.

Open-air plasma technology offers a unique opportunity for surface treatments and
functionalization by driving reactions and changes to surfaces that are not possible with
other plasma or modification approaches [38,39]. The uniqueness of the open-air plasma
system is the combination of energy sources which are generated: electrons and reactive
species (radicals, metastables, and photons) are produced in combination with convective
heat to rapidly transfer energy to enable ultrafast precursor conversion or post-treatment.
The blown-arc discharge, open-air plasma configuration used in this work has three key
unique features: (1) Potential-free discharge: The plasma discharge is virtually electrically
neutral, and the substrate remains free from the electric field of the discharge zone based
on a nozzle design that limits the arc discharge [40–42]. This allows for treatment of metals
along with electrically sensitive materials, semiconductors, and non-conductive materials.
(2) Tunable gas temperature: The electron temperatures in open-air plasmas are usually
very high, reaching values >10,000 ◦C [38]. As a result, chemical reactions that take place at
high temperatures can be reached (driven by electrons) with significantly reduced heat at
values ranging from near-room temperature to ~1500 ◦C (Figure S1). The open-air plasma
system in this work offers an advantage over conventionally used RF or microwave plasmas
because of the opportunity to rapidly transform materials at such a wide and controllable
temperature range. (3) Configurability to tune energy fluxes and reactive species: Previous
work has shown that changing the nozzle head design can be used to tune the energy flux
onto a treated surface [43]. For example, the combination of convective heat along with
reactive species has been shown to accelerate the curing of halide perovskite materials
above that which can be achieved for the same amount of treatment with compressed gas
heated to the same temperature of the plasma [41].

This work includes the addition of an external shroud that was designed to enable
injection of externally supplied compressed gas into the region surrounding the plasma.
This would allow for displacement of the ambient air molecules and enable the use of a
shroud gas after the plasma treatment for cooling of the samples back to room temperature.
A schematic representation of the key components of the open-air plasma system, including
the custom external shroud, is provided in Figure 1.

The use of N2 shroud gas for cooling samples following open-air plasma treatment,
facilitated by the external shroud, could play a pivotal role in preventing specific reactions that
may lead to the reformation of surface Li2CO3 on the LLZTO surface. One such reaction is
the increased likelihood of CO2 adsorption, especially at temperatures exceeding 450 ◦C [44].
While the adsorption of O2 on the LLZTO surface is less probable at lower temperatures,
higher temperatures create a high-energy surface that may accelerate Li2CO3 reformation via
Li2O intermediate [45]. Furthermore, temperatures above 600 ◦C may increase the mobility
of Li ions, allowing them to penetrate and cross the existing Li2CO3 shell on the LLZTO
surface, thus promoting the formation of additional Li2CO3 layers [46,47]. Thus, by using an
external shroud that directs N2 following open-air plasma treatment, the surface temperature
of LLZTO can be kept below 400 ◦C, which may effectively prevent the conditions for the
formation of additional Li2CO3 via the aforementioned routes.
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Figure 1. Schematic of custom-built shroud enclosing the open-air plasma nozzle with shroud gas

injection for cooling after plasma treatment while maintaining a locally inert environment.

In this work, we demonstrate that the combination of open-air plasma exposure and
cooling via shroud gas can be tuned effectively to remove Li2CO3 from the surface of
LLZTO pellets in an ambient environment. This removal is quantified through surface
chemistry characterization and validated with impedance spectroscopy measurements.

2. Materials and Methods

2.1. LLZTO Pellet Preparation

Ta-doped pyrochlores were synthesized through a non-aqueous sol–gel process, detailed
in our earlier research, to serve as precursors for LLZTO in a method called pyrochlore-to-
garnet (P2G) [48,49]. The nominal composition of the LLZTO is Li6.4La3Zr1.4Ta0.6O12. Initially,
metal-organic precursors dissolved in propionic acid were combusted at 850 ◦C for two hours,
forming pyrochlore. Subsequently, this material was ball-milled with LiOH, incorporating a
25 mol% excess of Li, and then formed into pellets under a uniaxial pressure of approximately
300 MPa using a manual hydraulic press, Atlas 15T, (SpecAc, Swedesboro, NJ, USA). Finally,
these pellets were sintered at 1100 ◦C for 2 h in MgO crucibles within a Li2O-rich atmosphere
in a tube furnace (Lindberg/BlueM TF55030A, Thermo Scientific, New Columbia, PA, USA)
with Al2O3 tubes and a heating rate of 5 ◦C/min. The sintering process is described in detail
in our previous work [48,50].

The relative density of the pellets post-sintering were determined through measure-
ments of weight, thickness, and cross-sectional area, then compared to a theoretical density
of 5.4 g/cm3 [51]. Crystal structure analysis was performed using a powder diffractometer
(Malvern PANalytical Aeris Research Edition, Worcestershire, UK) with a CuKα source.
The formation of the LLZTO cubic phase was verified by comparing the powder X-ray
diffraction (XRD) pattern of the pellets with the LLZTO reference pattern from PDF card
04-018-9024 [52]. The pellets in this study typically featured a cross-section area of approxi-
mately 35 mm2 and a thickness range of 0.5–0.7 mm.



Batteries 2024, 10, 249 4 of 14

2.2. Open-Air Plasma Conditions

Open-air plasma treatment on LLZTO pellets to remove surface Li2CO3 was carried
out using a FG5001S - V1.10 Open-air® Plasma Generator (Plasmatreat GmbH, Steinhagen,
Germany). This system has been shown to be compatible with a range of materials and
device structures in previous work [41]. The LLZTO pellets were placed on MgO crucibles
serving as substrates during the plasma treatment. The varied plasma conditions in this
study included exposure time and the shroud gas environment post-plasma exposure (N2

or O2). Figure S2 outlines the steps for preheating and exposing the LLZO pellet to an
open-air plasma jet. All treatments had 100% plasma cycle time (duty cycle). The plasma
output power, generator DC voltage, and high-voltage transformer current are not directly
controlled and remained between 630–645 W, 270–280 V, and 11–12 A, respectively. The N2

ionization gas flow rate was also kept constant at 20 L per minute (lpm), and the distance
between the plasma nozzle and the LLZTO pellet was set at 1 mm. Shroud gas (N2 or
O2) flow was used for post-plasma treatment cooling with the flow rate kept at 43 lpm for
5 min.

2.3. Materials Characterization

X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental composi-
tion and surface chemistry of the LLZTO samples using Axis Supra+ spectrometer (Kratos
Analytical Ltd, Manchester, UK). This equipment is equipped with a monochromatic Al
Kα X-ray source. The surface morphology of LLZO pellets before and after plasma treat-
ment was characterized using a VHX-7000 Series Digital Microscope (Keyence Corporation
of America, Itasca, IL, USA). The as-sintered pellets were manually polished in ambient
conditions with a series of SiC sandpapers (240 to 2000 grit, McMaster-Carr) to achieve flat
surfaces. Then, the pellets were left out in ambient conditions (RH ~38–43%) for 2 days
to form a uniform Li2CO3 layer, and thereafter subjected to plasma treatment. Following
plasma treatment, the samples were quickly transferred to a glovebox filled with an N2

atmosphere within 30 s to 1 min. Inside the N2 glove box, the plasma-treated samples
were mounted onto a transfer sample holder provided by Kratos, which can maintain a
vacuum created by a mechanical pump. This setup ensured that during transport of the
sample holder to the XPS main chamber, the plasma-treated samples remained sealed from
the external environment, allowing for an effective evaluation of the impact of open-air
plasma treatment on surface Li2CO3 reduction. Consequently, the exposure of the LLZTO
surface to ambient conditions after open-air plasma treatment was limited to around 30 s
to 1 min prior to XPS analysis. For comparison, some LLZTO samples were subjected to
Ar+ sputtering inside the XPS with 20 keV 500 Ar+ ion clusters (equivalent to 40 eV Ar+

ions, a process designed not to reduce the elements in the sample [48]). All measured XPS
binding energies were calibrated to the C 1s hydrocarbon (C-C) peak at 285 eV [53,54].

The high-resolution Li 1s, O 1s, and C 1s spectral peak components were fitted with
CasaXPS software (Version 2.3.25PR1.0) [55]. Backgrounds for these components were
quantified using a Shirley-type subtraction method that adjusts to changes in the spectral
data, ensuring accurate background computation [56,57]. Additionally, Kratos sensitivity
factors specific to the XPS instrument used in this study were applied to enhance the fitting
accuracy [57].

To fit peak components in the high-resolution Li, O, and C 1s spectra, we used the
Gaussian–Lorentzian sum function GL(x), which represents symmetric XPS signals [58]. In
general, the full width at half maximum (FWHM) of these high-resolution Li 1s, O 1s, and
C 1s spectral peak components was restricted to values less than 2 eV, as specified in the
literature [59,60]. The FWHM for the C=O (Li2CO3) and C-C components in the C 1s spectra
was limited to 1.1–1.3 eV [61,62]. Meanwhile, for the C-O-C components, the FWHM was
allowed to vary between 1.0 and 1.5 eV [62]. For the O 1s spectra, the FWHM for the Li2CO3

and metal oxide(s) components was set to 1.4–1.7 eV [59,61,62]. Similarly, the FWHMs of
the Li2CO3 and Li-O components were allowed to vary between 1.0 and 1.5 eV for the Li 1s
spectra [60,63]. In this study, the mixing parameter, α, was 0.7. Thus, the line shape GL(x)
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became GL(30) = [0.3 × L(x)] + [0.7 × L(x)] for XPS signals [61]. The previous literature
provides detailed equations for the Gaussian and Lorentzian components, as well as for
the FWHM, half width at half maximum (HWHM), and other related parameters [58].

2.4. Electrochemical Impedance Spectroscopy (EIS) Measurements

EIS measurements were conducted at room temperature using a potentiostat (SP-200,
BioLogic Science Instruments, Knoxville, TN, USA), spanning a frequency range from
7 MHz to 1 Hz with a 50 mV stimulus voltage. These measurements assessed the interfacial
resistance of LLZTO pellets under two distinct conditions: (i) after exposure to ambient
atmosphere for 2 days, and (ii) after open-air plasma treatment.

For the latter condition, following plasma treatment, LLZTO pellets were exposed to
either O2 or N2 shroud gas for 5 min at 43 lpm to cool the sample surface below 200 ◦C.
LLZTO pellets for both conditions were then promptly transferred to an Ar-filled glovebox
with minimal exposure to ambient air (approximately 30 s to 1 min). Inside the Ar glovebox,
the pellets were vacuum-sealed in heat-sealable polybags. After vacuum sealing, these
pellets were moved to another Ar glovebox, where low impedance electrical contacts made
of a nonblocking Li/Sn alloy (comprising 20 wt.% or approximately 1.5 mol% Sn) were
applied to both sides of each LLZO pellet, creating a layer approximately 100 µm thick,
following procedures outlined in previous studies [48,50]. After application of the Li/Sn
electrical contacts, copper (Cu) wires were connected to them and the pellet was enclosed
in a heat sealable polybag, such that only the Cu wires were extending out. These extended
Cu wires were connected to the potentiostat for EIS measurements as described in our prior
work [64,65]. The impedance data were fitted as described in our previous work [66].

3. Results and Discussion

3.1. Li2CO3 Formation Kinetics

The spontaneous formation of Li2CO3 on the surface of garnets has been reported
extensively. Following mechanical polishing under inert atmosphere, Sharafi et al. observed
the reappearance of the C=O peak associated with Li2CO3 on the surface of LLZTO after
7 min of air exposure [67]. However, it is not clear if the Li2CO3 levels were measured
before polishing, or if the same sample was used to characterize the C 1s spectrum after
polishing and air exposure [67]. Apart from this report, there is a limited body of literature
exploring the rapidity with which Li2CO3 reforms on the LLZTO surface following ambient
air exposure. Most studies investigating the detrimental effects of Li2CO3 on LLZTO ionic
conductivity have utilized longer exposure times, ranging from 15 min to as long as 90 days,
as indicated in Table S1. Therefore, the formation kinetics of Li2CO3 on LLZTO discussed
here hopefully provide some new understanding to the community.

Figure 2a–c shows the high-resolution XPS C 1s spectra obtained on the same LLZTO
pellet at three different conditions. Figure 2a shows the spectrum taken following a two-
day exposure of the LLZTO surface to ambient air, which results in the formation of
surface Li2CO3. This pellet was then transferred to the XPS as described in Section 2.3
and subjected to in situ Ar+ sputtering to remove the surface Li2CO3. The resulting C 1s
spectrum is shown in Figure 2b. After the Ar+ sputtering, the pellet was re-exposed to
ambient conditions for 3 min, and then measured again with XPS at the identical location,
resulting in the spectrum shown in Figure 2c.

Table S2 provides the overall atomic concentrations of Li, C, O, La, Ta, and Zr mea-
sured on the LLZTO pellets surfaces for all three instances shown in Figure 2a–c, while
Figure S3 shows the atomic concentration analysis from the C 1s peak fitting to C=O asso-
ciated with Li2CO3, C-C, and C-O-C for the same cases. Additionally, the corresponding
high-resolution O 1s and Li 1s spectra are shown in Figures S4a–c and S5a–c, respectively.
The C 1s peaks observed at 290.12 eV in Figure 2a and 289.94 eV in Figure 2c correspond to
the C=O peak at ~290 eV, widely reported for Li2CO3 present on the surface of LLZO-based
SSEs in the literature [11,31,67,68]. There is a slight shift in the C=O peak in Figure 2b
to 289.77 eV, which is unexpected and could be due to the uncertainty in aligning the
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binding energies to the significantly reduced C-C feature after sputtering. However, this
slight shift in binding energy is still within the binding energy values reported for the C=O
peak originating from Li2CO3 reported elsewhere [68,69]. The C 1s atomic concentration
associated with Li2CO3 (C=O) intensity diminishes from 16.3% to 2.1% after Ar+ sputtering
but increases to 11.3% when the LLZTO sample surface is re-exposed to ambient air for
a three-minute period, as indicated by respective C 1s atomic concentrations shown in
Figure S3.
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Figure 2. High-resolution XPS C 1s spectra of LLZTO pellet sample at three distinct instances:

(a) initially following a two-day exposure of the LLZTO surface to ambient air, resulting in the

formation of surface Li2CO3; (b) immediately after in situ Ar+ sputtering in the XPS vacuum chamber

was performed on the LLZTO surface to remove Li2CO3; and (c) after three minutes of exposure to

ambient following Li2CO3 removal by Ar+ sputtering.

The O 1s spectra shown in Figure S4a–c exhibit a clear correlation with the corre-
sponding C 1s spectra in Figure 2a–c. As illustrated in Figure S4a, following a two-day
exposure to ambient air, the O 1s spectrum of the LLZTO surface is primarily a peak at
531.95 eV attributed to Li2CO3, with no clear indication of signals associated with the metal
oxide bonding in the lattice of the underlying LLZTO. In contrast, the O 1s spectrum of
the LLZTO surface immediately after Ar+ sputtering, as shown in Figure S4b, indicates the
presence of both Li2CO3 and metal–oxide bonding in LLZTO. These O 1s peaks at binding
energies associated with Li2CO3 and the LLZTO lattice are consistent with those reported
in the literature for LLZO [28,32,49,70].

After Ar+ sputtering, the binding energy for the O 1s peak at 531.95 eV associated
with Li2CO3 on the LLZTO surface shifts to 531.33 eV as the thickness of the Li2CO3 layer
is reduced. This decrease in the binding energy of the O 1s peak for Li2CO3 could be
attributed to the interaction of the remaining Li2CO3 layer with the underlying LLZTO
phase, which may consist of surface states or defects capable of donating electrons and
reducing the existing Li2CO3 layer.

The O 1s peak observed on the LLZTO surface after a 3 min ambient exposure, as
shown in Figure S4c, is at 531.81 eV, which is very close to the O 1s peak binding energy
observed on LLZTO after two days of exposure to ambient air. The signal from the LLZTO
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lattice is also observed in this case. The largest difference in binding energy between the
O 1s peaks associated with Li2CO3 and metal–oxide is around 2.3–2.4 eV, as illustrated in
Figure S4b,c, which is comparable to the O 1s binding energy difference for Li2CO3 and
metal–oxide peak positions that have been previously reported [28,49].

Figure S5a–c presents the high-resolution Li 1s spectra corresponding to the cases
described in Figure 2a–c. As illustrated in Figure S5a,c, the Li 1s peaks at 55.35 eV and
55.24 eV can be attributed to Li2CO3 [71]. Conversely, the Li 1s peak at 54.77 eV observed
after Ar+ sputtering is attributable to Li-O in LLZTO [17]. Furthermore, Figure S5b,c
reveal peaks at around 52.70 and 52.24 eV, respectively, which can be attributed to Zr 4s.
Figure S6a–c show the corresponding wide scans for each of the cases in Figure 2a–c. Figure
S6b,c clearly show the presence of La, Zr, and Ta, which are associated with the LLZTO
phase. These data confirm that the Ar+ sputtering can remove the Li2CO3 surface species
and reveal the underlying LLZTO, but that Li2CO3 can reform and partially cover the
LLZTO surface again upon exposure to ambient air after only three minutes.

3.2. Effect of Open-Air Plasma Treatment on Reduction of Surface Li2CO3 on LLZTO

The open-air plasma can drive surface chemical reactions through the control of
the combination of heat and reactive species from the plasma processing parameters.
Specifically, we focus on two parameters: treatment time (5, 10, 20, or 40 min) and shroud
gas chemistry (N2 or O2) used after treatment.

The effect of open-air plasma treatment was carried out on LLZTO pellets that were
initially exposed to ambient air for 2 days prior to the treatment. Each pellet was subjected
to different plasma treatment times and the XPS measurement was carried out on the same
pellet before and after the treatment, although different pellets were used for each treatment
time. Figure 3a–d show the C 1s spectra before and after plasma treatment durations of
(a) 5, (b) 10, (c) 20, and (d) 40 min with N2 ionization gas. The N2 shroud gas was turned
on and flowed for 5 min after each plasma treatment. Figure 3a–d present the normalized
peak intensities, which were computed by dividing the values by the greatest intensity
measured in counts per second, of each pellet before the plasma treatment.
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Figure 3. C 1s spectra of the LLZTO surface captured before (on top) and after (on bottom) exposure

to open-air plasma for varying durations: (a) 5 min, (b) 10 min, (c) 20 min, and (d) 40 min. Each

treatment time was performed on a different pellet.

The XPS results showed that all treatment times studied were effective in reducing
surface Li2CO3 from LLZTO, but the most significant reduction occurred after exposure to
open-air plasma for 20 and 40 min, as indicated in Figure 3c,d, showing a decreased intensity
C=O peak intensity associated with Li2CO3 for both treatments. Figure S7 presents the C 1s
peak fitting results before and after the open-air plasma treatment, revealing a 31% decrease
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in Li2CO3 (C=O) peak intensity after 20 min. Estimation of C 1s atomic concentration
associated with Li2CO3 after 40 min was not very accurate due to the observation of Mg
contamination in the sample. This contamination is visible in Figure S8, which shows a
higher intensity of Mg KLL, 2s, and 2p characteristic spectral lines following the 40 min
treatment in the XPS wide scan. The source of Mg contamination is most likely from the
MgO substrate used to support the LLZTO pellet during the plasma treatment.

Interestingly, while the reduction in Li2CO3 levels observed for the sample exposed
to open-air plasma for 20 min exceeds that of samples exposed for 5 and 10 min, shorter
exposure times result in a greater reduction of adventitious carbon (C-C), evident by
comparing the peak intensity at 285 eV in Figure 3a,b. Figure S7 shows that the decrease
in atomic concentration associated with adventitious carbon (C-C) after 5 and 10 min of
open-air plasma exposure is 70% and 52%, respectively. Similarly, Figure S7 shows that
shorter durations of open-air plasma exposure (5 and 10 min) result in a greater reduction
of C 1s atomic concentration associated with C-O-C than longer durations of open-air
plasma exposure (20 min), in accordance with the observed trend for C-C reductions. Thus,
there is a clear indication that longer exposure durations, beginning at 5 min, lead to an
increase in the magnitude of Li2CO3 reduction, whereas the magnitude of C-C and C-O-C
reduction decreases over the same durations. Finally, in terms of Li2CO3 levels, comparing
the results in Figure S7c with those in Figure S3c indicates that LLZTO surfaces after 20 min
of open-air plasma exposure are similar to those seen after a 3 min exposure to ambient
conditions following Ar+ sputtering.

3.3. Influence of Shroud Gas on Surface Reduction of Li2CO3 on LLZTO

Figure S9a–d show the normalized C 1s spectra from LLZTO surfaces through four
panels, before and after plasma treatment with post-treatment using O2 or N2 as shroud
gas. Both of these cases underwent 10 min open-air plasma treatments with an ionization
gas (N2) flow rate of 20 lpm prior to cooling. The results in Figure S9a–b show that using
O2 as the shroud gas results in a minimal shift in the Li2CO3 peak from 290 eV to 289.95 eV.
However, Figure S9c,d shows that using N2 as the shroud gas causes no shift in the Li2CO3

peak, indicating that there may be no further chemical reduction of Li2CO3 induced by the
N2 shroud gas. Peak fitting results shown in Figure S10 indicate that using O2 and N2 as
shroud gases reduces the C 1s atomic concentration associated with Li2CO3 (C=O) by 13%
and 15%, and C 1s atomic concentration associated with C-C by 63% and 52%, respectively.
Thus, the choice of O2 or N2 shroud gas for cooling may not significantly affect the efficacy
of removing surface contaminants like adventitious carbon (C-C) and Li2CO3.

3.4. Effect of Open-Air Plasma Treatment on LLZTO Crystal Structure and Surface Morphology

Figure S11a shows a comparison of powder XRD patterns obtained for an LLZTO
pellet manually polished with sandpaper and subjected to minimal air exposure, after
the polished pellet was exposed to air for 2 days, and then after the pellet was subjected
to open-air plasma treatment for 20 min, followed by cooling with N2 shroud gas. All
three XRD patterns showed reflections matching the LLZTO reference. The XRD pattern
for the pellet after 2 days air exposure had a small peak at 2θ ~21.5◦, which corresponds
to the (110) reflections of Li2CO3 but was otherwise unchanged from the XRD pattern
of the freshly polished sample. After the plasma treatment, the XRD results show that
the LLZTO structure remained intact, with no indication of phases that form because of
Li-loss, such as pyrochlore (La2Zr2O7). However, close inspection of the XRD pattern for
the plasma-treated sample shows the presence of several impurity phases such as Li2O,
MgO, ZrO2, Mg4Ta2O9, and Li7TaO6, as shown in Figure S11b. The minor amount of MgO
is consistent with the minor Mg signal observed in the XPS measurements (Figure S8),
and is attributed to contamination from the MgO crucible. The presence of Li2O, ZrO2,
and Li7TaO6 indicates that some of the LLZTO may have decomposed during the plasma
treatment, but the presence of Mg4Ta2O9 suggests that the Mg contamination may have also
contributed to the decomposition reaction(s). Future studies using alternative substrates
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to support the LLZTO pellets may better elucidate the role of Mg in the decomposition of
LLZTO during the plasma treatment. Nonetheless, the results shown in Figure S11 are good
support for the effectiveness of the open-air plasma treatment for reducing the Li2CO3

surface content without causing deleterious effects for the LLZTO structure.
Figure S12a–d show the surface morphology of an LLZO pellet before and after

20 min of open-air plasma exposure, followed by a 5 min cooling phase with shroud gas
(N2). Figure S12a,c show laser images of the LLZO pellet surface before and after plasma
treatment, respectively. The laser image after the treatment shows a significantly smoother
surface topography, as evidenced by a 36% reduction in overall surface height (Sa), as
shown in Table S3. However, the optical images in Figure S12b,d, taken before and after
plasma treatment, respectively, do not show any significant differences. The decrease in
surface roughness parameter is consistent with the etching of the surface layer from the
LLZTO pellets during the open-air plasma treatment.

3.5. Effect of Open-Air Plasma Treatment on Interface Resistance and Ionic Conductivity

To examine the impacts of the open-air plasma treatment on the LLZTO interface resis-
tance, we prepared symmetric cells comprising LLZTO pellets in contact with nonblocking
electrodes made from Li/Sn alloy. Two pellets were exposed to ambient atmosphere for two
days and the XPS spectra (Figure S13) confirmed they had similar levels of surface Li2CO3.
Then, a 20 min plasma treatment was performed on one of the pellets (one face only).
Figure 4 shows the Nyquist plot obtained for the plasma-treated pellet had a much lower
impedance than the one without plasma treatment. The EIS data for the plasma-treated
pellet could be fitted with an equivalent circuit of Qtot/Rtot + Qi/Ri, where Rtot is the
total (bulk and grain boundary) resistance, Ri is the interface resistance, and Qtot and Qi

are constant phase elements to account for nonideal capacitance (see Table S4 for fitting
parameters). From this fitting, the total ionic conductivity of the plasma-treated LLZTO was
determined to be 0.14 mS/cm and the interface resistance was ~37 kOhm (12.5 kOhm·cm2).
This ionic conductivity value is consistent with our previous observations for pellets with
similar relative density of ~78% [49]. Without the plasma treatment, the EIS data could
not be fitted to the same equivalent circuit because the interface impedance dominated
the Nyquist plot. Using Qi/Ri for the equivalent circuit, the resistance was determined
to be ~68 kOhm (22.4 kOhm·cm2), or almost double the interfacial resistance seen in the
sample that was subjected to open-air plasma treatment. The overall interface resistance
of the treated pellet is still fairly high, but it is important to note that only one side of the
LLZTO pellet was exposed to the plasma. As such, it is likely that Li2CO3 on the bottom
interface of the pellet greatly increased the interfacial resistance of the measurement. This
is a further reason supporting the efficacy of such an approach for LLZTO thin films (i.e.,
such as those that might be used in anode-free SSBs), where the bottom interface will be
bonded to a current collector and protected from atmospheric species.

The observed reduction in interfacial resistance achieved through open-air plasma
treatment (approximately 44%) is compared to other reported treatments in Table S5.
The reduction is less than that achieved by heating LLZO at 250 ◦C for 1 h under an inert
atmosphere (approximately 70%), a method used to reintegrate Li components from Li2CO3

back into LLZO [10,72]. Qualitatively, the heating method significantly reduces the amount
of Li2CO3 on the LLZTO surfaces, although the degree of reduction was not quantified
in the literature for this method. When compared to this method, the open-air plasma
treatment has advantages such as not requiring an inert environment and requiring less
time to achieve reductions in Li2CO3 surface species.

Another high-temperature thermal cleaning method involves heating at elevated
temperatures for several hours in an Ar environment. For example, using 900 ◦C for
1 h leads to a reported reduction in interfacial resistance exceeding 99% [32]. Another
study showed that a 2 h treatment of LLZTO at 800 ◦C in an inert Ar glovebox could
greatly help the integration of the SSE into fully operating solid-state Li/S batteries with
high sulfur cathode loading [73]. However, this method is not scalable for removing
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Li2CO3 from LLZTO because it requires high temperatures, long treatment times, and an
inert environment.

Figure 4. Nyquist plot of the LLZTO pellet measured in a pouch cell observed after 2 days of ambient

air exposure and after open-air plasma treatment for 20 min.

Contrary to conventional thermal cleaning methods, a very promising rapid (~2 s)
thermal pulse treatment reported recently is also mentioned for Li2CO3 reduction. However,
its effect on Li2CO3 reduction is not as significant as that we observed with the open-air
plasma treatment, as evident from the comparison of the C 1s spectra before and after
treatment for both methods [74].

In a separate work, applying 2% LiF inorganic additive to the LLZTO provides a
slightly lower improvement in interfacial resistance [33]. The advantage of open-air plasma
over this method lies in its avoidance of additional complexity in manufacturing and
quality control caused by LiF addition. Introducing LiF may demand higher mixing time,
and tighter control of LiF particle size and distribution to form a LiF protective layer that
can achieve a similar improvement comparable to Li2CO3 removal by open-air plasma
treatment. Furthermore, as the surface and volume of the electrolyte increase, open-air
plasma treatment offers better scalability capabilities through automated systems.

4. Conclusions/Future Work

In this work, we demonstrated the feasibility of using an open-air treatment method to
remove Li2CO3 and improve the ionic conductivity of LLZTO pellets. In terms of Li2CO3

levels, the XPS analysis indicates that LLZTO surfaces after 20 min of open-air plasma
exposure are similar to those seen after a 3 min exposure to ambient conditions following
Ar+ sputtering. While open-air plasma treatments may not reduce Li2CO3 as effectively as
in situ Ar+ sputtering, they offer considerable benefits. These include a significant decrease
in interfacial resistance and the capability to scale up and process larger LLZTO surfaces
under normal atmospheric conditions. This makes open-air plasma treatments a potential
practical option for removing Li2CO3 on LLZTO surfaces.
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This advancement is the first such report of enabling open-air processability of LLZTO
SSEs. Future work will study the effect of the Li2CO3 reformation in plasma-treated LLZTO,
as well as the role of the substrate on the formation of secondary phases during the plasma
treatment. Additionally, for thin film SSEs on a substrate, the open-air plasma will be better
suited for reducing the overall interface resistance since the bottom side will not experience
the same Li2CO3 growth as was observed in this work for LLZTO pellets.
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