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ABSTRACT: Garnet solid-electrolyte-based Li-metal batteries can be
used in energy storage devices with high energy densities and thermal
stability. However, the tendency of garnets to form lithium hydroxide and
carbonate on the surface in an ambient atmosphere poses significant
processing challenges. In this work, the decomposition of surface layers
under various gas environments is studied by using two surface-sensitive
techniques, near-ambient-pressure X-ray photoelectron spectroscopy and
grazing incidence X-ray diffraction. It is found that heating to 500 °C
under an oxygen atmosphere (of 1 mbar and above) leads to a clean
garnet surface, whereas low oxygen partial pressures (i.e., in argon or
vacuum) lead to additional graphitic carbon deposits. The clean surface
of garnets reacts directly with moisture and carbon dioxide below 400
and 500 °C, respectively. This suggests that additional CO2 concentration
controls are needed for the handling of garnets. By heating under O2 along with avoiding H2O and CO2, symmetric cells with
less than 10 Ωcm2 interface resistance are prepared without the use of any interlayers; plating currents of >1 mA cm−2 without
dendrite initiation are demonstrated.

Solid-electrolyte (SE)-based Li-metal batteries can enable
high-energy storage devices due to their potential
compatibility with a Li metal anode and high-voltage

cathodes.1−3 They offer greater thermal stability than the
current state-of-the-art liquid-electrolyte-based Li-ion bat-
teries.4−6 Among various SEs explored so far, doped LLZO
(Li7La3Zr2O12) garnets have high room-temperature (RT)
ionic conductivities of 0.1−1 mS cm−1 and comparatively wide
electrochemical stability, which make them promising
candidates for commercial applications.7−10

It is well known that LLZO reacts with trace moisture and
carbon dioxide in the atmosphere.11−15 This results in the
exchange of Li+ in the lattice with H+ to form protonated
LLZO (HxLi7−xLa3Zr2O12) and lithium hydroxide and
carbonate surface layers. Protonation leads to lattice
contraction and a change of symmetry from Ia3̅d to
I4̅3d,16−20 and the resulting heterogeneous surface layers
have very low Li-ion conductivity and thus increase the
interfacial resistance when LLZO is, for example, paired with a
Li metal anode.11,12,21,22 This leads to non-uniform current
distribution at the Li−LLZO−Li metal interface, which
decreases the critical current density (ICCD) at which Li
metal dendrites nucleate and short-circuit the cell.13,14,23

Different protocols for regeneration of LLZO have been
reported, wherein the samples have been treated under a

variety of gases and temperatures.21,24−27 Despite this, the
minimum temperature needed to regenerate the surface has
not been definitively established, and the effect of different
gases has not yet been systematically studied. It has also been
reported that excessive heating of LLZO results in pyrochlore
formation. This irreversible decomposition has been studied
using bulk X-ray diffraction (XRD), and a range of onset
temperatures have been reported.25,28,29 Since the decom-
position starts at the surface of LLZO, careful investigation
with surface-sensitive techniques is needed to determine the
onset temperature for this reaction accurately. Finally, even
though the composition of the surface layers has been
characterized, the onset temperature and the reaction
mechanisms leading to formation of surface layers are poorly
understood; for example, contradicting reports exist on the
direct reactivity of LLZO with CO2.

11,12,30,31 The extreme
sensitivity of the LLZO surface demands not only surface
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sensitivity but also in situ techniques to understand the
regeneration and reactivity of LLZO.

In this study, air-exposed LLZO pellets were heated under
different gas environments (vacuum, argon, static air, and
flowing air) to study the regeneration process, and in situ
grazing incidence X-ray diffraction (GIXRD) patterns were
collected to capture the structural changes at the surface. To
map the chemical composition of the surface, in situ near-
ambient-pressure X-ray photoelectron spectroscopy (NAP-
XPS) spectra were then collected while the samples were
heated under vacuum, argon, dry air, and oxygen, with heating

under oxygen resulting in complete regeneration and a clean
LLZO surface. The samples were then freshly regenerated by
heating under oxygen, and in situ NAP-XPS spectra were
collected while the samples were cooled under H2O vapors,
CO2, and a mixture of H2O vapors + CO2 to understand the
formation of surface layers on LLZO. Finally, by heating air-
exposed LLZO samples under oxygen and avoiding CO2 and
H2O during cooling, low Li−LLZO interfacial resistances (<10
Ωcm2) were achieved, and dendrite-free plating was obtained
at currents above 1 mA cm−2.

Figure 1. GIXRD (λ = 0.8856 Å) patterns of air-exposed samples heated under different gas environments from RT to 800 °C in 100 °C
increments and then cooled to RT. The second and third columns of images are the enlarged versions of the regions corresponding to
Li2CO3 (110) and La2Zr2O7 (222) reflections, respectively. The black dotted-line box and ■ represent LLZO reflections, ⧫ represents
Li2ZrO3, * represents LaAlO3, ● represents LiOH, and ▼ represents Li2CO3. The peaks represented by ★ in the vacuum case at 800 °C
could not be indexed to any known compound, and these peaks disappear upon cooling to RT. The shift in the LLZO (211) peaks toward
lower 2θ as the sample is heated is due to thermal lattice expansion; sharp discontinuities in the reflections of all the phases are seen between
the patterns collected at 800 °C and RT due to rapid lattice contractions.
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GIXRD Measurements under Different Gas Environ-
ments. Al-LLZO (with composition Al0.36Li5.92La3Zr2O12)
powder was synthesized using a solid-state method (see
methods in the Supporting Information (SI)), hot-pressed, and
cut into pellets (∼99% relative density). The phase purity of
the pellets was confirmed via synchrotron XRD (Figure S1).
GIXRD was then performed in different gas environments.
Due to the limitation of the setup, heating could not be

performed under pure oxygen, but vacuum (0.01 mbar), argon,
static air, and flowing air (1 atm) environments were tested. All
samples were first exposed to air for 20 min at RT and then
placed into the GIXRD setup in the beamline. A grazing
incidence angle of 0.1° was chosen, which corresponds to a
probing depth of about ∼3 nm (for LLZO). The samples were
heated in controlled gas environments to 800 °C in steps of
100 °C, and GIXRD patterns were collected at each

Figure 2. C 1s, O 1s, and La 3d XPS spectra of the air-exposed samples heated under different gas environments from RT to 500 °C in 100
°C increments and then cooled to RT. The gray dotted line and the gray dotted-line box represent Li2CO3, the golden dotted line represents
LLZO, and the black dotted-line box represents surface-adsorbed hydrocarbons and graphitized carbon. The last row compares the C 1s, O
1s, and La 3d XPS spectra at 500 °C under different gas environments.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c01042
ACS Energy Lett. 2023, 8, 3476−3484

3478

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01042/suppl_file/nz3c01042_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01042/suppl_file/nz3c01042_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01042?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01042?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01042?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01042?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c01042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature and then on cooling to RT (see experimental
details in the SI).

Lithium carbonate and lithium hydroxide were observed in
all air-exposed samples at RT (Figure 1). On heating under
vacuum, the Li2CO3 and LiOH on the LLZO pellets were
observed to decompose above 500 °C (reflections marked by
▼ and ●, respectively, Figure 1, top) and almost completely
disappeared by 700 and 800 °C, respectively, in line with
previous observations of pure Li2CO3 decomposition under
vacuum.32 At 800 °C, formation of Li2ZrO3 and LaAlO3 was
observed (reflections marked by ⧫ and *, respectively, Figure
1, top), although no pyrochlore La2Zr2O7 was observed.

Upon heating under argon, Li2CO3 and LiOH were
observed to decompose at the lower temperatures of 400
and 500 °C, respectively. Heating to 800 °C did not result in
any observable LLZO decomposition, but the pyrochlore,
La2Zr2O7, was detected after the samples were cooled to RT,
suggesting LLZO decomposes at elevated temperatures under
argon. Under flowing air, Li2CO3 and LiOH were observed to
decompose above 400 and 600 °C, respectively, and La2Zr2O7
pyrochlore was again observed after the samples were cooled
to RT as in the argon case, suggesting a similar decomposition
mechanism is occurring under flowing air. Interestingly, when
samples were heated under static air (under conditions similar
to those in a box furnace), Li2CO3 and LiOH were observed to
decompose only above 600 °C, as in the vacuum case (Figure
S2). Extensive decomposition of LLZO and pyrochlore
formation was also observed upon heating above 500 °C in
static air, and the LLZO signal completely disappeared above
600 °C, suggesting that trace moisture in gas environments not
removed by gas flow or by pulling a vacuum induces more
rapid decomposition of LLZO. We note that Li2O evaporation
is significantly enhanced by the presence of water (forming the
more volatile product, LiOH),33 accounting for many of the
degradation products seen by GIXRD on heating in static air.
NAP-XPS Measurements under Different Gas Envi-

ronments. NAP-XPS was performed to complement the
GIXRD observations and map the evolution of the chemical
composition of the surface of LLZO pellets during heating.
The pellets were polished and stored in a glovebox and were
then exposed to air for 20 min before being pumped into the
NAP-XPS instrument on the beamline. The incident energy
was tuned in a way that the kinetic energy of the ejected
photoelectrons probed was ∼200 eV; this corresponds to a
probing depth of ∼3 nm for all XPS measurements. The
samples were heated in controlled gas (1 mbar, vacuum: 2 ×
10−8 mbar) environments to 500 °C in steps of 100 °C and
then cooled to RT, and XPS spectra were collected during
these processes (see experimental details in the SI). The
evolution of C 1s, O 1s, and La 3d spectra is presented in
Figure 2, while the Li 1s and Zr 3d XPS spectra are shown in
Figure S4. The C 1s XPS spectra showed two signals at RT for
all samples (Figure 2). Since lithium carbonate is expected to
form on the surface of the air-exposed samples, the peak at
higher eV was aligned to the Li2CO3 peak at 289.9 eV.26 The
XPS spectra of the other elements were shifted by the same
amount. Significant asymmetric broadening and shifting of
peaks and variations in intensities were observed for all samples
due to charging, especially at low temperatures, complicating
analysis; thus the 500 °C data are also compared in Figure 2, as
they are the most straightforward to analyze.

An additional peak at ∼285 eV was observed in the C 1s
spectra in all environments when the samples were heated

(Figure 2). This peak disappeared as the samples were heated
to 500 °C under dry air and oxygen. By contrast, this peak
remained for samples heated under vacuum and argon and
stayed even after cooling to RT. This suggests that this peak
originates from surface-adsorbed (sp3-containing) hydrocar-
bons, likely present in the vacuum chamber or in the glovebox,
which oxidize in dry air and oxygen but graphitize under low
oxygen partial pressures (vacuum and argon), resulting in a
shift of this peak to lower eV (284.1 eV; see comparison at 500
°C, Figure 2). Similar observations have been made in previous
in situ XPS studies performed under vacuum.25,26 Our results
show that heating under argon can also result in graphitic
carbon on the surface of LLZO.

As the samples were heated from RT to 100 °C, the broad O
1s peak shifted toward higher eV. The shift toward higher eV
can be attributed to surface -HCO3

− species34 which are
enhanced due to surface desorption of H2O. Above 100 °C,
sharpening of the peak and a shift toward higher eV were
observed. The sharpening can be attributed to better charge
compensation during XPS measurements at elevated temper-
atures and the completion of surface-adsorbed water release
process. The peak now seen can be assigned to a CO3

2−

species. An additional small peak emerged at 500 °C around
∼529 eV in the O 1s XPS spectra in all gas environments
(Figure 2). Sharp peaks were similarly observed in the La 3d
and Zr 3d spectra at 500 °C that could not be seen at RT
(Figures 2 and S5). Thus, the peak at 529 eV in the O 1s
spectra is assigned to the LLZO lattice, confirming the
regeneration of LLZO at 500 °C (although the presence of a C
1s Li2CO3 peak at 500 °C shows incomplete decomposition of
the surface layers). The LLZO O 1s peak remains even after
cooling to RT (Figure S6) under vacuum, argon, and oxygen
but not under dry air.

The GIXRD and XPS results are summarized in Tables S1−
S3 and Figure S3. The GIXRD observations suggest that
heating until 500 °C can decompose the surface layers on
LLZO if the samples are treated under either argon or flowing
air (and by extension oxygen). Although the XPS spectra
showed incomplete decomposition of the surface layers at 500
°C, this discrepancy might be due to the differences in the way
the temperatures of the samples are measured in the two
setups. Additional graphitic formation was observed when
samples were heated under vacuum and argon. Though recent
studies have shown that carbon interlayers reduce Li−LLZO
interface resistance and improve performance,35 the graphitiza-
tion on the surface due to heating under argon and vacuum
need not be uniform, and any heterogeneity could lead to
current focusing when LLZO is used in a SE against Li metal.
Finally, avoiding temperatures above 500 °C will prevent
pyrochlore formation irrespective of the environments under
which samples are heated to regenerate LLZO.
NAP-XPS Measurements to Study the Onset Temper-

ature for Formation of Surface Layers. To prevent any
reformation of surface layers during cooling, it is important to
determine the onset temperature for the reaction of LLZO
with moisture and CO2. LLZO samples were first treated
under oxygen at 500 °C for 1 h to allow for surface
regeneration, the LLZO lattice peak being observed in O 1s
spectra at ∼529 eV, confirming the removal of most of the
surface contaminants. Next, H2O vapor was introduced into
the reaction chamber by manually opening a valve which was
connected to a quartz tube containing water (see experimental
details in the SI). XPS spectra were then collected while the
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samples were cooled from 500 °C to RT (Figure 3). The
LLZO O 1s lattice peak remained on introduction of H2O
vapor, and the C 1s spectrum showed a single peak which is
attributed to residual Li2CO3 as discussed above.

As the sample was cooled to 400 °C, an additional peak
appeared at around ∼286 eV in the C 1s spectra along with the
continued reduction in the intensity of the Li2CO3 peak. In the
O 1s spectra, the Li2CO3 peak broadened whereas the LLZO
lattice peak remained. The additional peak is attributed to
oxidized surface-adsorbed hydrocarbons (the shift corresponds
to ether-containing hydrocarbons) as observed in the literature
when H2O is introduced into the XPS chamber.36 At 300 °C,
the LLZO peak in the O 1s spectra shifted to higher eV,
suggesting protonation of LLZO. The Li 1s peak broadened,
which is attributed to LiOH formation. The intensity of the
additional (∼286 eV) peak in the C 1s spectra increased and
was now comparable to that of the Li2CO3 peak. As the sample
was cooled below 200 °C, the LLZO lattice peak completely
disappeared, suggesting extensive formation of LiOH on the
surface of LLZO, in line with a recent study:37

+

+

xAl Li La ZrO H O

Al H Li La Zr O LiOHx x

0.36 5.92 3 12 2

0.36 5.92 3 2 12 (1)

The additional peak in the C 1s spectra remained even after
cooling to RT.

To probe the reaction of carbon dioxide with LLZO, the
samples were heated under O2 as earlier and CO2 was
introduced into the reaction chamber (see experimental details

in the SI). XPS spectra were collected as the samples were
cooled to RT. At 500 °C, the LLZO lattice peak was observed
in the O 1s region at ∼529 eV, the peak remaining on
introduction of CO2. The C 1s spectrum showed a single peak
corresponding to Li2CO3.

Upon cooling to 400 °C, the LLZO peak intensity dropped
significantly, suggesting a direct reaction of LLZO with CO2.
This can be expressed as

+

+

x

x

Al Li La ZrO CO

Al Li La Zr O Li COx x

0.36 5.92 3 12 2

0.36 5.92 2 3 2 12 2 3 (2)

A reaction of this form requires the extraction of oxygen
anions, formally via the extraction of Li2O. Thus, this reaction
is likely localized just at the surface, as a significant amount of
oxygen vacancies need to be generated in the lattice for this
reaction to proceed into the bulk of the sample. The reactions
with CO2 are acid−base reactions, with the basicity of the
parent oxide phase Li2O (and the Li+ mobility) driving the
reaction to form Li2CO3. However, the parent oxide, La2O3 is
more basic, forming La2(CO3)3, which decomposes at high
temperatures via the formation of La2O2CO3; La2O2CO3 does
not decompose to form La2O3 until 950 °C under 1 atm of
CO2.

38 Thus, reactions of the following form can also occur,
written here for the parent LLZO phase to illustrate one
possible decomposition pathway:

Figure 3. C 1s and O 1s XPS spectra of LLZO during cooling from 500 °C to RT under different gas environments. The gray dotted line
represents Li2CO3, the golden dotted line represents LLZO, the black dotted-line box represents additional hydrocarbon-related species on
the surface, and the dark blue dotted line represents LiOH.
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+

+ +

2Li La Zr O 8CO

La O CO 7Li CO 2La Zr O
7 3 2 12 2

2 2 3 2 3 2 2 7 (3)

While this reaction likely only occurs at the surface, as it
involves migration of La3+ and Zr4+, it does not require the
formation of oxygen vacancies in LLZO. It also represents a
plausible mechanism in the formation of the pyrochlore phase
at higher temperatures (as seen by GIXRD; Table S1), where
La3+/Zr4+ migration can occur. Furthermore, when heated in
static air (or any closed vessel), any CO2 released from the
decomposition of Li2CO3, which occurs at a lower temper-
ature, can then react to form lanthanum (oxy) carbonate
(La2O2CO3).

The presence of any trace water will also result in reactions
not requiring the generation of multiple oxygen vacancies:

+ +

+

x x

x

Al Li La ZrO CO H O

Al Li H La Zr O Li COx x

0.36 5.92 3 12 2 2

0.36 5.92 2 2 3 2 12 2 3 (4)

or

+ +

+

x x

x

Al Li La ZrO CO H O

Al Li H La Zr O LiHCOx x

0.36 5.92 3 12 2 2

0.36 5.92 3 2 12 3 (5)

As the sample was cooled below 300 °C, the LLZO lattice
peak completely disappeared, and a new additional peak was
observed in the C 1s spectra around ∼284.8 eV, which can be
attributed to surface-adsorbed hydrocarbons. As the sample
cooled to 100 °C, this additional peak completely disappeared
in the C 1s spectra and a significant broadening of the Li2CO3
peak was observed. This was accompanied by broadening of
the Li2CO3 O 1s peak, which suggests either extensive reaction
of LLZO with CO2 or severe charging of the sample. These
results also explain the broadening of the O 1s spectra
observed at RT after regeneration of LLZO by heating under
dry air (Figure S6): the trace amounts of CO2 in dry air will
react with LLZO below 400 °C and passivate the surface.

In an ambient atmosphere, both H2O (∼30 mbar) and CO2
(∼0.42 mbar) are present in trace amounts. To check the
reactivity of LLZO in this case, LLZO was first heat-treated
under O2 as in the earlier cases and then cooled to RT under a

1:1 mixture of H2O and CO2 (see experimental details in the
SI). At 400 °C, a reduction and a shift in the LLZO peak
toward higher eV were observed, indicating protonation. An
additional peak in the C 1s spectra was observed as in the H2O
and CO2 case. Upon further cooling, the Li 1s, C 1s, and O 1s
peak evolution was essentially a combination of that seen in
the pure H2O and pure CO2 cases, suggesting reactions
described by eqs 3, 4, and 5 are occurring. The summarized
results are shown in Table S4.

These results suggest that CO2 levels in the environment
where LLZO regeneration is performed need to be controlled
along with H2O levels. This poses a unique challenge for
handling LLZO, since CO2 levels are not usually monitored
and controlled.

Our results should be compared with recent reports in which
LLZO/thin-film cathode model systems (with either Li-
Ni0.6Mn0.2Co0.2O2 or LiCoO2 as the cathode) were sintered
in the presence of CO2, resulting in enhanced decomposition
of both the cathode and LLZO;39−41 these results highlight the
strong driving force for carbonate formation, even when the
LLZO surface is protected via the formation of a LLZO−
cathode interface. In contrast, heating to 700 °C under either
pure oxygen or an inert atmosphere (N2) was shown to result
in a low LLZO−cathode interface resistance. A higher
interfacial resistance was seen on heating in humidified oxygen
at 500 °C, the resistance dropping to a value comparable to the
pure O2 results, however, on heating to 700 °C. In the current
study, by contrast, any moisture was found to result in
extensive decomposition of LLZO above 500 °C; the lack of
degradation in the presence of moisture in the previous
cathode−LLZO systems is ascribed to the protection of the
LLZO surface by the cathode film, which helps to reduce
LiOH evaporation even in moist environments. In our studies
of the bare pellets, the inert atmosphere (argon) led to
graphitic deposits on the surface of LLZO, and only oxygen
was found to be the ideal gas to regenerate LLZO.
Electrochemical Studies. Since the NAP-XPS and

GIXRD measurements suggested that heating under oxygen
(partial pressures of 1 mbar and above) results in the
decomposition of surface layers and can lead to complete
and clean regeneration of LLZO, the LLZO pellets were
treated under oxygen and then transferred to a glovebox

Figure 4. Impedance spectra of (left) a LLZO pellet under blocking conditions, with fits to an equivalent circuit model to determine the bulk
and grain boundary contributions, and (right) a Li−LLZO−Li symmetric cell showing the contributions from bulk, grain boundary, and Li−
LLZO interface.
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without any exposure to air via a custom setup that was purged
with argon (Figure S10). Li−LLZO−Li symmetric cells were
assembled, impedance measurements were conducted (Figure
4), and the data were fit by using an equivalent circuit model
(Figure S7). The Li−LLZO interfacial resistance was found to
be <10 Ωcm2, in comparison to >500 Ωcm2 interfacial
resistance shown by samples that had just been polished inside
the glovebox (Figure S9). To estimate the ICCD before Li
dendrites are formed, unidirectional currents were applied to
the symmetric cell (see experimental details in the SI). The
ICCD was found to be >1 mA cm−2 (Figure S8), in comparison
to the reported ICCD of <0.5 mA cm−2 for cells with interface
resistance >10 Ωcm2,42,43 suggesting that with an optimized
protocol to reduce interface resistance, high plating current
densities can be achieved in LLZO garnets.

In conclusion, this work demonstrates that the surface layers
(LiOH and Li2CO3) formed upon exposure of garnets to
ambient air can be decomposed by heating to 500 °C,
irrespective of the gas environment. Additionally, graphitic
carbons have been found to form during the heating of LLZO
under vacuum and argon. Though argon is the most common
environment for the regeneration of LLZO, heterogeneous
graphitization can lead to current focusing and affect the
performance of LLZO when used as a SE. Heating above 600−
700 °C was found to result in decomposition of LLZO into
pyrochlores under argon and flowing air but not under
vacuum. A clean LLZO surface was found to react with
moisture at temperatures below 400 °C, and direct evidence
for reaction of LLZO with CO2 was shown below 500 °C. An
optimized protocol for regeneration of LLZO is presented, and
it is shown that interfacial resistances below 10 Ω·cm2 can be
achieved for LLZO pellets without the use of any interlayers
between Li metal and LLZO. These results mean that the
handling of LLZO will require more specialized CO2 level
controls in addition to the dry rooms used for assembly of
liquid-electrolyte-based Li-ion batteries.
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