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with flammable liquid electrolytes.[1] 
Li7La3Zr2O12(LLZO) is one of the most 
promising candidates among inorganic 
solid electrolytes because of its high ionic 
conductivity,[2] and electrochemical com-
patibility with Li metal anode.[3,4] The 
prospect of using a Li anode is especially 
compelling since it leads to much higher 
capacity compared to conventional lithium 
ion batteries using graphite anodes.[5] 
A critical bottleneck for developing suc-
cessful solid-state batteries is minimizing 
the interfacial impedances between the 
solid electrolyte and the active electrode 
materials.[6–8] Despite challenges related to 
dendrite growth at Li|LLZO interfaces,[9,10] 
promising recent works led to improved 
interfacial stability by suppressing den-
drite growth[11–14] and lowered interfacial 
resistance by improving the wetting at the 
Li|LLZO interface.[15–17]

However, the highest impedance gen-
erally exists at the electrolyte|cathode 
interface[6] and the instability at the 

LLZO-cathode interface remains an issue. Co-sintering pro-
cess, which is needed to improve contact and bonding between 
ceramic cathode materials and the ceramic electrolyte LLZO, 
causes interdiffusion of elements and secondary phase forma-
tion,[18–22] with inferior transport properties.[7,23] Even though 
first-principles based computational predictions of reactivity 
between layered oxide cathode materials and LLZO predicted 
only low reactivity (ΔEreaction  ≈ 1 meV per atom),[24] experi-
mental results including those from our recent work showed 
that the interface degrades substantially through the formation 
of detrimental secondary phases. These detrimental secondary 
phases onset at rather moderate temperatures (300 to 500 °C), 
which are much lower than typical ceramic sintering condi-
tions.[25–30] One reason for the discrepancy between the com-
putational predictions and experimental results is the effect of 
the gas environment on the interface reactions, which was not 
taken into account in the computations.[7,23] Our earlier results 
have indicated the importance of the gas environment on  
the thermal stability of LLZO in contact with layered oxide 
cathode materials.[29,30] Li2CO3, LaCoO3, and La2Zr2O7 formed at 
the LiCoO2 (LCO)|LLZO interface,[29] and Li2CO3, La(Ni,Co)O3, 
and La2Zr2O7 formed at LiNi0.6Mn0.2Co0.2O2(NMC622)|LLZO[30] 
when these interfaces were annealed in air from 300 to 
700  °C. Computational predictions, on the other hand, pre-
dicted the formation of Li-rich phases (Li2NiO3, Li5CoO4, and 
Li2MnO3).[24,31] In particular the presence of Li2CO3 as a reaction 
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1. Introduction

All solid state Li-ion Batteries with nonflammable inorganic 
electrolytes are inherently safer than conventional batteries 
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product prompted us to hypothesize that CO2 favors the forma-
tion of Li2CO3, and this leads to delithiating the LLZO, LCO, 
and NMC622, rendering these phases more unstable and more 
likely to react with each other, resulting in the formation of Li-
deficient secondary phases. This warrants new experiments and 
calculations considering the gas environment explicitly when 
evaluating the stability of layered oxide cathode|LLZO inter-
faces, as we present in this paper.

It is well known that both bulk LLZO and layered oxide cath-
odes degrade by losing Li as they react with H2O(g) and CO2(g). 
LLZO degrades by forming LiOH and Li2CO3 near the sur-
face under H2O and CO2 gas environment.[32,33] Layered oxide 
cathodes, especially the ones with high Ni content, also have 
similar stability issues with H2O and CO2.[34,35] Both LLZO and 
layered oxide cathodes become unstable by losing Li. LLZO 
decomposes into Li2O2, Li6Zr2O7, La2O3, La2Zr2O7, and O2 
upon delithiation.[36] Delithiated layered oxide cathodes trans-
form to spinel and rock salt phases by losing oxygen.[37] Such 
instabilities due to Li-loss from LLZO and/or the layered oxide 
cathode can aggravate the thermodynamic instability between 
these phases at elevated temperatures. This is consistent also 
with the theoretical prediction that the reaction between delithi-
ated LCO and LLZO is thermodynamically more favorable com-
pared to the reaction between fully lithiated LCO and LLZO.[38]

Based on our earlier findings,[29,30] and the known detri-
mental role of H2O(g) and CO2(g) in destabilizing LLZO and 
layered oxide cathodes,[32–34] we believe it is important to assess 
the role of the gas environment in the stability of cathode|LLZO 
interfaces. In this work, we test this hypothesis by simple ther-
modynamic calculations and by model thin-film experiments 
with controlled gas environments. We used NMC622, which 
is a promising high voltage layered oxide cathode for experi-
mental characterization. We used LiCoO2 for thermodynamic 
calculations to predict and interpret qualitatively the reactivity 
between LLZO and a layered oxide cathode. LCO is simpler 
than NMC622 in deducing the reaction pathways and products, 
but yet representative given the presence of Co as a transition 
metal. We chose O2, N2, humidified O2, and CO2 gas environ-
ments to isolate their effect on the interfacial stability, as these 
constitute majority of gas species in air. Humidified O2 and 
CO2 environment were chosen to study the effect of H2O(g) 
and CO2(g) on interfacial degradation. O2 and N2 environments 
were control groups which don’t contain H2O(g) and CO2(g).

Model systems comprising thin film cathode layers on LLZO 
pellets present advantages for studying interfacial degradation as 
demonstrated in our previous works.[29,30] The buried interface 
region of such thin films (≤100 nm) is within the detection depth 
of near-surface sensitive techniques such as soft X-ray absorption 
spectroscopy (XAS) using fluorescence yield detection mode. This 
allows us to detect the onset temperature of degradation and iden-
tify the phases without relying on destructive techniques such as 
transmission electron microscopy. Moreover, as XAS is sensitive 
to the oxidation state and local chemical environment, we could 
identify the onset of chemical reactions even when the formed 
phases had low crystallinity, unlike X-ray diffraction (XRD) on 
bulk powder samples whose sensitivity needs a large fraction of 
the sample to have degraded and formed high crystallinity.

Precise characterization of phase degradation and evaluation 
of their effect on charge transfer properties were possible by com-
bining findings from XAS, XRD, and electrochemical impedance 

spectroscopy (EIS). Ruling out phases that did not match with 
XAS improved the reliability of our thin film XRD analysis.

As a result, pure O2 gas condition was ideal, with good inter-
face stability and decrease of interface resistance up to 700 °C. 
Sample annealed at 700  °C in O2 had the lowest area specific 
resistance (ASR), 130 Ω∙cm2. This value is comparable to the 
lowest ASRs obtained at LiCoO2|LLZO interfaces with coated 
interlayers.[39–42] In this work, by removing CO2 from the gas 
environment during sintering, we succeeded in obtaining com-
parably low ASRs without the additional steps of depositing a 
protective interlayer.

To verify the relevance of the O2-annealed interface, we have 
prepared and tested a Pt|NMC622|LLZO|Li cell, where the 
NMC622|LLZO was first annealed in O2 at 500  °C. This sample 
had a first-charge capacity of 117 mAh g−1, comparable to an ear-
lier report on NMC622|LLZO all solid battery with a Li3BO3 inter-
layer,[43] and with the voltage plateaus for charging and discharging 
consistent with the lithiation and delithiation of NMC622. This 
result demonstrated that annealing the NMC622|LLZO in pure 
O2 can indeed provide good initial electrochemical properties. 
Annealing in N2 also led to a stable interface without any sec-
ondary phase formation. However, XAS revealed oxygen loss from 
NMC622. Even though the N2 condition was less ideal than pure 
O2, it could be a more cost-effective alternative compared to pure O2 
gas. Samples were hydrated after they were annealed in humidified 
O2 at 500  °C, causing interface resistance increase. Upon further 
increase of annealing temperature in humidified O2, NMC622 was 
dehydrated at 700 °C and had a lower interface resistance, compa-
rable to that in pure O2. This verified that the detrimental effect 
of humidity can be avoided if the annealing temperature is high 
enough. Finally, CO2 environment was the most detrimental. Sec-
ondary phases formed at 500 and 700 °C, leading to a complete loss 
of the cathode|electrolyte capacitance. This comparison concludes 
that CO2 is the key contributor for the interface degradation of 
NMC622|LLZO under thermal annealing conditions in ambient air.

These experimental results agree well with our thermody-
namic predictions described above. The reaction between the 
cathode and the electrolyte was nonspontaneous (ΔGreaction  >  0) 
for O2 and N2 environment, demonstrating that the interface  
should be stable in both gas conditions. The reaction was spon-
taneous at 300 °C (ΔGreaction < 0) and nonspontaneous at 700 °C 
(ΔGreaction  > 0)  in humidified environment, which is consistent  
with the experimental findings that the adverse effect of humidity 
can be reversed at high temperature. Finally, the reaction was 
spontaneous (ΔGreaction < 0) for pure CO2 at 300 to 700 °C, which is 
consistent with the major degradation found in CO2 environment.

Our findings demonstrate the importance of controlling the 
gas environment during the sintering process to obtain good 
contact between the ceramic cathode and ceramic electrolyte 
in solid state batteries. Co-sintering the cathode and electrolyte 
in O2 environment gives chemically stable interface with low 
interfacial resistance.

2. Experimental Design and Methods

We prepared samples for XAS and XRD by depositing 100 nm 
thin dense NMC622 layers on top of polished LLZO pellets by 
RF sputtering at ambient temperature. This thickness allows 
for sensitivity to the buried interface while measuring the 

Adv. Energy Mater. 2022, 2102741



www.advenergymat.dewww.advancedsciencenews.com

2102741 (3 of 18) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

transition metal L-edge spectrum XAS.[30] Annealing conditions 
were 300, 500, and 700 °C for 4 h in different gas environments, 
including pure O2, pure N2, humidified O2 (2 wt% H2O in O2), 
and pure CO2 at 1 atm. We prepared the humidified O2 (2 wt% 
H2O in O2) environment by flowing O2 through a gas bubbler 
at room temperature. Temperature range used for annealing in 
this work includes crystallization temperatures for deposited 
layered oxide cathode thin films.[44–47]

We prepared symmetric cells for EIS characterization by 
depositing 60  nm NMC622 on both sides of polished LLZO 
pellets, and with 60 nm Au on NMC622 for current collection. 
Annealing of the samples in the same conditions as described 
above were done prior to Au deposition. Since these symmetric 
cells do not have an anode|electrolyte interface, the change in 
the EIS was only a result of changes at the cathode|electrolyte 
interfaces. We worked with a thicker NMC622 layer, 370  nm, 
with ¼″ diameter, for electrochemical cycling experiment. After 
annealing the NMC622|LLZO at 500 °C for 4 h in O2, we depos-
ited 200  nm Pt current collector on top of NMC622 film. We 
used a 5/16″ diameter Li metal foil anode, pressed onto the 
polished LLZO pellet in the glovebox. Annealing condition for 
Li attachment was 160  °C, 30  min. Polishing, annealing and 
pressing lowers the LLZO|Li interfacial resistance and gives 
stable overpotential at the interface during cycling.[17,32]

3. Results

3.1. Thermodynamic Calculations of Interfacial Degradation

We used LiCoO2 for thermodynamic calculation of the Gibbs free 
energy to predict and interpret qualitatively the reactivity between 
LLZO and a layered oxide cathode. LCO is simpler than NMC622 
in deducing the reaction pathways and products, but yet represent-
ative as a layered transition metal oxide. In our earlier work, we 
have found that LiCoO2|LLZO interface decomposes by forming 
Li deficient phases (LaCoO3, La2Zr2O7) and a Li-sink (Li2CO3) 
upon thermal annealing in air.[29] Based on this finding, we pro-
pose that the following reactions between LiCoO2 and LLZO in 
different gas conditions include a Li-sink and Li-deficient phases:

a) Pure O2 environment:

Li La Zr O LiCoO 2O g
4Li O LaCoO La Zr O

7 3 2 12 2 2

2 2 3 2 2 7

( )+ +
→ + +

 (1)

b) Inert environment:

Li La Zr O LiCoO 4Li O LaCoO La Zr O7 3 2 12 2 2 3 2 2 7+ → + +  (2)

c) Humidified environment:

Li La Zr O LiCoO 4H O g
8LiOH LaCoO La Zr O

7 3 2 12 2 2

3 2 2 7

( )+ +
→ + +  (3)

d) CO2 environment:

Li La Zr O LiCoO 4CO g
4Li CO LaCoO La Zr O

7 3 2 12 2 2

2 3 3 2 2 7

( )+ +
→ + +

 (4)

Figure  1 shows the Gibbs free energy, ΔG(T,Pgas) (in units 
of kJ mol−1 of LLZO), of these reactions for each gas envi-
ronment. Details for the ΔG(T,Pgas) calculations are in 
Experimental Section. The pressure and temperature ranges for 
these calculations are 10−5 bar to 1.01325 bar (1 atm), and 300 to 
700 °C, respectively.

The calculated reaction energies ΔG(T,Pgas) indicate stable 
cathode|electrolyte interface when the sample is annealed in 
O2 and in inert environment. Reactions in those two gas envi-
ronments were always nonspontaneous in the temperature 
and pressure ranges in Figure  1a,b. In contrast, ΔG(T,Pgas) 
for the reaction including H2O(g) was negative (spontaneous) 
below 449  °C and positive (nonspontaneous) over 449  °C for 
humidified O2 (2 wt% H2O in O2) (Figure 1c). CO2 was the most 
detrimental gas environment. ΔG(T,Pgas) for CO2 environment 
was the most negative when compared to ΔG(T,Pgas) values for 
other environments at same pressure and temperature condi-
tions (Figure 1d). Moreover, ΔG was always negative for 1 atm 
CO2 at 300 °C to 700 °C. Therefore, these thermodynamic cal-
culations predict interfacial degradation upon annealing in CO2 
environment.

3.2. Oxidation State and Local Chemical Environment Analyzed 
by Soft X-Ray Absorption Spectroscopy

We investigated O K-edge, Ni L2,3-edge, La M4,5-edge, and Co 
L2,3-edge of the NMC622|LLZO samples annealed in different 
gas environments. Figure 2 shows O K-edge spectra. The pre-
edge feature (528–532  eV) corresponds to electronic transi-
tion from the oxygen 1s orbital to the oxygen 2p orbital that 
is hybridized with the transition metal 3d orbitals.[48] Neither 
LLZO nor Li2CO3 has features in this energy range.[28,29,49] 
Therefore, any change in this O K pre-edge feature is only 
dependent on the change of the oxygen-transition metal bonds 
in the system. Broad features around 542 eV correspond to elec-
tronic transition to hybridized states between oxygen 2p orbital 
and transition metal 4s, 4p orbitals.[48]

The intensity of the pre-edge feature increased up to 
500  °C and decreased at 700  °C for samples annealed in O2 
(Figure  2a). The pre-edge intensity growth originates from 
the increase of coordination number of transition metals with 
oxygen due to oxidation of the sample. Decrease of the pre-
edge feature at 700 °C shows that there exists some degree of 
chemical evolution even in O2 environment, but it is not as 
severe as other gas environment (N2, humidified O2, CO2) as 
seen in Figure 2b–d.

The pre-edge feature intensity decreased as annealing tem-
perature increased for samples annealed in N2 (Figure  2b). 
Especially, the intensity of the pre-edge feature at 700  °C 
dropped considerably compared to the as-deposited sample. 
The trend originates from the decrease of coordination number 
of transition metals with oxygen due to oxygen loss in N2 envi-
ronment. The result matches well with works by Guo et al.,[50] 
and Zhong et  al.[51] on oxides with transition metal-oxygen 
bonds. O K pre-edge intensity decreased as the number of 
oxygen vacancies increased in both studies.[50,51]

Pre-edge intensity for the sample annealed in humidified O2 
was highest at 500 °C. Data from the sample annealed at 500 °C 
stood out since pre-edge intensity for the other temperature 
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conditions in humidified O2 decreased as annealing tempera-
ture increased. Moreover, post-edge features around 542  eV 
were much broader than the spectra obtained from other tem-
perature conditions.

Hydration of NMC622 at 500 °C explains findings from the 
O K-edge analysis. Hydration of LiNiO2, which has the same 
crystal structure as NMC622, happens by Li+/H+ substitu-
tion.[52,53] Moshtev et al., suggested that γ-NiOOH, which is iso-
structural to LiNiO2, forms by Li+/H+ substitution in LiNiO2.[54] 
Pritzl et  al.,[55] and Jeong et  al.[56] also claimed phase transfor-
mation from layered oxide to M-OOH(M:Ni,Co) like structure 
by hydration. Especially, Jeong et  al., observed formation of 
CoOOH at the surface of hydrated LiCoO2 with XPS.[56]

γ-NiOOH O K-edge EELS spectra had a stronger pre-edge 
feature and a broader post-edge feature compared to LiNiO2,[57] 

which agrees with our finding (Figure 2c). In our case, hydra-
tion led to the formation of γ-NiOOH local chemical environ-
ment, rather than full transformation to crystallized γ-NiOOH 
phase since the corresponding peaks could not be seen from 
XRD data. Since XAS depends on local chemical environment, 
this is sufficient for identifying the identity of the compound 
from the XAS spectra in Figure 2c.

Pre-edge intensity decreased as annealing temperature 
increased for samples annealed in CO2 (Figure 2d). Notably, the 
pre-edge feature for NMC622 completely disappeared at 700 °C. 
O K-edge spectral shape matched well with Li2CO3.[58] Since the 
typical detection depth of PFY is ≈100 nm,[59] more than 100 nm 
Li2CO3 has grown on the surface during annealing.
Figure 3 shows XAS spectra for La M4,5-edge and Ni L2,3-edge. 

We normalized data by La M5-edge to compare the magnitude 

Figure 1. The Gibbs free energy, ΔG(T,Pgas) (kJ mol−1 of LLZO) calculated between LLZO and fully lithiated LiCoO2 in a) Li7La3Zr2O12 + LiCoO2 + 
2O2(g) → 4Li2O2 + LaCoO3 + La2Zr2O7, b) Li7La3Zr2O12 + LiCoO2 → 4Li2O + LaCoO3 + La2Zr2O7, c) Li7La3Zr2O12 + LiCoO2 + 4H2O(g) → 8LiOH + 
LaCoO3 + La2Zr2O7, and d) Li7La3Zr2O12 + LiCoO2 + 4CO2(g) → 4Li2CO3 + LaCoO3 + La2Zr2O7.
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of Ni L2,3-edge for each sample as we assume La oxidation state 
does not change. L-edge originates from 2p to 3d electronic 
transition,[60] so the intensity of the Ni L-edge depends on both 
quantity of Ni in the detection regime and number of holes in 
3d orbitals. Therefore, Figure  3 gives not only the elemental 
ratio of Ni/La within the detection depth, but also the electronic 
configuration in each Ni 3d orbitals.

Ni L-edge intensity decreased up to 500  °C for sam-
ples annealed in O2, likely due to migration of Ni through 
NMC622|LLZO interface (Figure  3a). Interestingly, Ni L-edge 
intensity increased at 700  °C. The behavior could originate 
from the increase of number of Ni-O bonds due to annealing 
in O2 environment. This can be due to both increased oxida-
tion state and increased crystalline order, along with changes 
in electronic structure, compared to the films that were 
sputter-deposited at room temperature. This led to more elec-
trons transferred from Ni 3d orbitals to O 2p orbitals, causing 
increase of L-edge intensity.[61]

Ni L-edge intensity decreased as annealing temperature 
increased for samples annealed in N2 (Figure 3b). Notably, Ni 
L-edge intensity decreased steeply at 700 °C because of oxygen 

loss, as the sample was annealed in reducing environment. 
Oxygen loss led to more electrons localized in Ni 3d orbitals, 
and decrease of L-edge intensity. If the behavior at 700 °C was 
due to Ni migration, evidences for secondary phase formation 
from Co L-edge XAS or XRD should also be seen considering 
our former study on NMC622|LLZO interfacial degradation.[30] 
However, those indicators were not found.

Ni L-edge intensity decreased as annealing temperature 
increased in humidified O2, except the sample annealed at 
500  °C (Figure  3c). Formation of γ-NiOOH like local environ-
ment explains high L-edge intensity found at 500  °C, which 
we noted during O K-edge analysis. Oxidation state of Ni in 
γ-NiOOH is 3.48–3.68.[62] Therefore, it explains increase of 
Ni L-edge intensity due to increase of number of holes in 3d 
orbital.

Moreover, Ni got reduced at 700  °C in humidified O2 
(Figure 4). The low energy shoulder of the Ni L2 edge grew and 
the peak shifted toward lower energy at 700 °C, which indicated 
reduction.[20,63,64] This comes from dehydration of the sample 
at 700 °C after hydration during temperature ramp up. Similar 
to NiOOH which decomposes to NiO, O2, and H2O at high 

Figure 2. O K-edge X-ray absorption spectra measured by partial fluorescence yield (PFY) mode for 100 nm NMC622|LLZO. Spectra for the as-deposited 
sample and the samples annealed in a) O2, b) N2, c) 2 wt% H2O in O2, and d) CO2 at 300–700 °C for 4 h are shown.
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temperature,[52,65] dehydration of hydrated NMC622 would also 
leave reduced phases.

Ni L2-edge shape for samples annealed in CO2 at 500 and 
700 °C corresponded to Ni2+ (Figure 3d).[66,67] This is the deci-
sive proof for secondary phase formation as NMC622 cannot 
consist of 100% Ni2+ regardless of Li concentration.
Figure  5 shows Co L-edge spectra. We normalized signals 

by the height of the Co L3 edge. Annealing in pure O2 did not 
cause oxidation state change of Co, as seen by the constant 
peak position of the L3 and L2 edges. Moreover, shoulder fea-
tures of L3 and L2 got gradually sharper as annealing tempera-
ture increased, which indicates better ordering in the film with 
crystallinity improvement. Although we cannot easily resolve 
this from XRD, it is reasonable to expect an increased crystal-
line order in the NMC622 films with increasing temperature. 
Therefore, this result indicates that O2 environment is the 
ideal sintering environment, as Co remains chemically stable 
during sintering, along with improved crystallinity of the 
NMC622 film.

Figure 4. Ni L2 X-ray absorption spectra measured by partial fluorescence 
yield mode for 100 nm NMC622|LLZO samples. Spectra for as deposited 
sample and sample annealed in humidified O2 (2 wt% H2O in O2) for 4 h 
are shown. Intensities of peaks were normalized to 1.

Figure 3. La M5, La M4, Ni L3, and Ni L2 X-ray absorption spectra measured by partial fluorescence yield (PFY) mode for 100 nm NMC622|LLZO sam-
ples. Spectra for as deposited sample and sample annealed in a) O2, b) N2, c) 2 wt% H2O in O2, and d) CO2 for 4 h are shown. Intensities of peaks 
were normalized by La M5 edge.
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Co was reduced after annealing in N2, as seen by Co L-edge shift 
toward lower energy (Figure 5b). Co was also reduced at 700 °C in 
humidified O2 (Figure  5c). Co L3/L2 intensity ratio increased at 
700 °C, which indicated reduction of Co.[68] Reduction in N2 envi-
ronment came from oxygen loss, and reduction in humidified O2 
environment came from dehydration of the sample.

Annealing in CO2 resulted in severe reduction of samples at 
500 and 700 °C (Figure 5d). The shape of both spectra matched 
with octahedrally coordinated Co2+,[69,70] which was clearly dif-
ferent from spectral shape for Co3+ (low spin). This is a major 
evidence for phase decomposition since Co with +2 oxidation 
state does not exist in NMC622.

3.3. Structural Characterization of the Interface by X-Ray 
Diffraction

We performed XRD characterization to investigate whether 
crystalline secondary phases formed after annealing in each gas 
environment. Figure 6a–d shows 1D XRD plots obtained using 
Co anode.

Secondary phases did not form after annealing in O2 
(Figure  6a) and N2 (Figure  6b). We observed peaks for LLZO 
(ICDD:01-084-6181), and small Li2CO3 (ICDD: 00-022-1141) 
peaks from all samples. Li2CO3 formed due to air expo-
sure during sample transfer and XRD characterization. In 
order to identify the upper limit of temperature that gives 
rise to a chemically stable interface in pure O2, we annealed 
the NMC622|LLZO sample in O2 at 900  °C. La2O3 (ICDD: 
00-005-0602) and La2Zr2O7 (ICDD: 01-070-5602) formed at 
900 °C (Figure S1, Supporting Information). Thus we can con-
clude that the annealing temperature should be lower than 
900 °C in O2 to avoid formation of secondary phases.

Intensity for Li2CO3 peaks were higher from samples 
annealed in humidified O2 compared to O2 and N2 treated 
samples (Figure  6c). LiOH(s) could have formed during 
hydration of LLZO, which formed Li2CO3 during sample 
transport to the XRD by reacting with CO2(g) in air. Both of 
the reactions are thermodynamically favorable at 25  °C.[32] 
In addition, La2Zr2O7 (ICDD: 01-070-5602) formed at 700 °C, 
potentially due to Li loss via LiOH(s) formation during 
annealing.

Figure 5. Co L3, Co L2 X-ray absorption spectra measured by partial fluorescence yield (PFY) mode for 100 nm NMC622|LLZO samples. Spectra for 
as deposited sample and sample annealed in a) O2, b) N2, c) 2 wt% H2O in O2, and d) CO2 for 4 h are shown. Intensities of peaks were normalized 
by Co L3 edge.
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As for the CO2 treated sample (Figure  6d), Li2CO3 formed 
at 300  °C, Li2CO3, La2O2CO3, NiCO3, and CoCO3 formed 
at 500  °C, and Li2CO3, La2O2CO3, NiCO3, CoCO3, La2NiO4, 
La2CoO4, and La2Zr2O7 formed at 700 °C.

Formation of NiCO3, CoCO3, La2NiO4, and La2CoO4 is con-
sistent with XAS analysis as they contain Ni2+ and Co2+. XRD 
peak positions for samples annealed at 500 and 700 °C matched 
with NiCO3 (ICDD:04-002-6999) (29.5° (40.5%), 38.6° (100%)) 

Figure 6. 1D XRD plots for 100 nm NMC622|LLZO samples. Plots for as deposited sample and samples annealed in a) O2, b) N2, c) 2 wt% H2O in 
O2, and d) CO2 for 4 h are shown.
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and CoCO3 (ICDD: 00-011-0692) (29.2° (40.0%), 38.1° (100%)). 
As for the sample annealed at 700 °C, we also assigned peaks for 
La2NiO4 (ICDD:04-014-8282) (28.0° (30.2%), 36.6° (100%), 51.2° 
(31.4%), and 55.2° (32.1%)) and La2CoO4 (ICDD: 04-013-8633) 
(27.9° (28.1%), 36.7° (100%), 51.3° (32.6%), and 54.9° (32.9%)).

La containing secondary phases without any transition 
metals formed as well. La2O2CO3 (ICDD:00-037-0804) formed 
at 500 and 700 °C as seen by peaks at 35.4° (100%), 52.0° (75%), 
which are two strongest peaks of the phase. La2Zr2O7 (ICDD: 
01-070-5602) formed at 700  °C, showing clear XRD peaks at 
33.3° (100%), 38.7° (29.9%), 55.9° (44.3%), and 66.7° (36.9%).
Figure  7 summarizes the experimental findings from XAS 

and XRD analysis on chemical stability of NMC622|LLZO 

interface as a function of gas and temperature environment. 
Findings from annealing in air are from our previous paper, 
which we show here for comparison. Red boxes indicate sec-
ondary phases formed in each experimental condition. In the 
case of humidified O2 environment, LiOH that formed during 
annealing further degrades into Li2CO3 when the sample was 
exposed to air after the gas exposure experiment.

3.4. Implication of Heat Treatment in Each Gas Environment on 
Interfacial Resistance

We performed EIS on symmetric cells, 
Au|NMC622|LLZO|NMC622|Au, to evaluate the effect of 
annealing in each gas environment on cathode|electrolyte 
interfacial resistance. We repeated each experiment twice, and 
obtained the same trend. All EIS experiments were done at 
room temperature.

We used a circuit model consisting of (RbulkCbulk)(Rinter-

face1CPEinterface1)(CPEtail)(L) to analyze the impedance spectra 
from the as deposited sample (Figure  8) and the samples 
annealed in O2 (Figure 9), N2 (Figure  10), and humidified O2 
(Figure 11). We used different impedance ranges on the x-axes 
and y-axes for the figures to clearly show the semicircle corre-
sponding to cathode|electrolyte interfacial resistance in all fig-
ures. Figures plotted with same x-axes and y-axes ranges are in 
Figures S2–S6, Supporting Information.

(RbulkCbulk) circuit element corresponds to capacitance of 
bulk LLZO pellet, and it appeared as a high frequency semi-
circle found at 2 MHz in all samples. Cbulk from samples were 
in the range of 20 to 60  pF. Considering the geometry of the 
sample, relative permittivity was in the range of 30–100, which 
was consistent with former EIS studies on LLZO pellets,[71,72] 

Figure 7. Reaction products at NMC622|LLZO interfaces at different tem-
peratures in each gas environment as deduced by XAS and XRD analysis 
in this work. Reaction product for annealing in air is from our previous 
work[30] and shown here for comparison.

Figure 8. Electrochemical impedance spectroscopy plot for 
Au|NMC622|LLZO|NMC622|Au symmetric cells with as deposited condi-
tion. (5 MHz–31.5 Hz): Rinterface1/2 = 1.52 kΩ·cm2 Frequency range for the 
data with impedance less than 10 kΩ cm2 has been plotted.
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and our former work with the same sample design.[30] Induct-
ance (L) originates from wiring of the experimental setup. 
CPEtail describes behaviors of blocking electrodes at low fre-
quency. These two circuit elements were used in previous EIS 
study on LLZO pellets,[71,72] and our own previous work on 
symmetric cells with same structure.[30] (Rinterface1CPEinterface1) 
originates from capacitance at the cathode|electrolyte interface. 
Semicircles corresponding to this circuit element appeared at  
4 kHz, which are consistent with our former works on similarly 
constructed symmetric cells (Au|LiCoO2|LLZO|LiCoO2|Au,[29] 
Au|NMC622|LLZO|NMC622|Au[30]). CPEinterface1 for the as-
deposited sample and the samples annealed in O2, N2, and 
humidified O2 were ≈10−7 F, which agrees with former findings 
from our group[29] and reported values for electrode|electrolyte 
interface.[73]

EIS for samples annealed in CO2 was drastically different 
from other gas conditions (Figure  12). Three arcs are pre-
sent in the spectrum from the sample annealed at 300  °C, so 
we have used two RC elements for the interface, (RbulkCbulk)

(Rinterface1CPEinterface1)(Rinterface2CPEinterface2)(CPEtail)(L), for 
analysis. The second RC element that appears in the spec-
trum is likely due to formation of secondary phases as a result 
of interface reactions and degradation at 300  °C. In our pre-
vious study on NMC622|LLZO thermal degradation in air, 
such an additional arc appeared also from samples with inter-
facial degradation.[30] Total nominal resistance at the interface  
((Rinterface1+ Rinterface2)/2) equaled 9.01 kΩ·cm2.

The arc for the cathode|electrolyte interfacial charge transfer 
capacitance did not appear from the sample annealed at 500 °C. 
This is consistent with the finding that the NMC622 cathode 
degraded into secondary phases containing Ni2+ and Co2+ as 
indicated by XAS (Figures 3d,5d) and XRD results (Figure 6d), 
so the interfacial charge transfer capacitance was lost. At 700 °C, 
the sample became both ionic and electronic insulator. Data 
points for the high frequency range followed an RC element 
behavior with a very high resistance, but quantification was not 
possible due to noise in data for the low frequency range. Noisy 
data originate from low current used for data acquisition, which 

Figure 9. Electrochemical impedance spectroscopy plot for Au|NMC622|LLZO|NMC622|Au symmetric cells annealed in O2 for 4 h. Frequency range 
for the data with impedance less than 10 kΩ·cm2 has been plotted. Annealed at a) 300 °C (5 MHz–19.9 Hz): Rinterface1/2 = 1.36 kΩ cm2, b) 500 °C 
(3.97 MHz–3.15 Hz): Rinterface1/2 = 0.29 kΩ cm2, and c) 700 °C (5 MHz–19.9 Hz): Rinterface1/2 = 0.13 kΩ·cm2.

Figure 10. Electrochemical impedance spectroscopy plot for Au|NMC622|LLZO|NMC622|Au symmetric cells annealed in N2 for 4 h. Frequency range 
for the data with impedance less than 20 kΩ cm2 has been plotted. Annealed at a) 300 °C (5 MHz–6.29 Hz): Rinterface1/2 = 3.34 kΩ cm2, b) 500 °C 
(3.97 MHz–6.29 Hz): Rinterface1/2 = 6.04 kΩ cm2, and c) 700 °C (3.97 MHz–2.51 Hz): Rinterface1/2 = 0.41 kΩ cm2.
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was due to high resistance. High resistance originates from for-
mation of insulating secondary phases at 700 °C, which we have 
discussed above as part of the XRD analysis (Figure 6d). Inten-
sities of XRD peaks from the LLZO phase were much weaker 
than those at other conditions, so significant amount of electro-
lyte phase decomposition also took place, consistent with the 
disappearance of the bulk Li-ion conduction arc in EIS.
Figure 13 shows ASR arising from the interface component 

of EIS, for the as deposited sample and the samples annealed 
in O2, N2, humidified O2, CO2, and air. ASR data for samples 
annealed in air are from our previous work.[30] We plotted the 
data here to compare the trend. We calculated ASR for a single 

cathode|electrolyte interface by 
R

Areainterface

2
1 ×  for the as-depos-

ited sample and the samples annealed in O2, N2, humidified 

O2, and by
R R

Areainterface interface

2
1 2+

×  for the sample annealed in 

CO2. Division by 2 was due to the symmetric cell design, which 
had two equivalent NMC622|LLZO interfaces.

ASR gradually decreased as annealing temperature increased 
in pure O2 environment. This confirmed that pure O2 is the 
most promising condition for sintering the NMC622 and LLZO 
interface, since it decreased the ASR without any interfacial deg-
radation up to 700 °C.

In  contrast,  ASR for samples annealed in N2 increased up 
to 500 °C and decreased at 700 °C. ASR increase up to 500 °C 
came from interfacial degradation due to oxygen loss. ASR 
decrease at 700 °C was likely due to expedited sintering[74] in the 
presence of oxygen vacancies as seen by XAS in in NMC622. 
This led to improved bonding between NMC622 and LLZO.

ASR for samples annealed in humidified O2 increased at 
500 °C and decreased at 700 °C. This is because of hydration at 
500 °C and dehydration at 700 °C, which we identified by XAS. 
Li+/H+ substitution during hydration leads to a contraction of 
the O-Li-O layer thickness in the layered oxide structure, and this 
increases the activation energy for Li diffusion.[52] This explains 
the ASR increase at 500 °C. Dehydration at 700 °C restored the 
Li+ transport pathway and led to ASR decrease. We believe the 

Figure 11. Electrochemical impedance spectroscopy plot for Au|NMC622|LLZO|NMC622|Au symmetric cells annealed in humidified O2 (2 wt% 
H2O in O2) for 4 h. Frequency range for the data with impedance less than 20 kΩ cm2 has been plotted. Annealed at a) 300 °C (5 MHz–15.8 Hz): 
Rinterface1/2 = 0.58 kΩ·cm2, b) 500 °C (3.97 MHz–50 Hz): Rinterface1/2 = 5.65 kΩ cm2, and c) 700 °C (3.97 MHz–50 Hz): Rinterface1/2 = 0.35 kΩ cm2.

Figure 12. Electrochemical impedance spectroscopy plot for Au|NMC622|LLZO|NMC622|Au symmetric cells. Frequency range for the data with 
impedance less than 25 kΩ cm2 has been plotted. Annealed at a) 300  °C (3.97  MHz–1.58  Hz): (Rinterface1+ Rinterface2)/2 = 9.01 kΩ·cm2, b) 500  °C  
(3.97 MHz–0.63 kHz), and c) 700 °C (5 MHz–199 kHz) in CO2 for 4 h.
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ASR decrease at 300 °C could arise from cold sintering in pres-
ence of humidity. Cold sintering uses a transient aqueous envi-
ronment, the material surface dissolves into introduced H2O, 
and the dissolved phases diffuse into pores and precipitates the 
solid phase.[75] It is considered a mediated dissolution-precip-
itation process, effectively decreasing the volume of pores and 
enabling sintering of particles. Therefore, the presence of con-
trolled humidity in our experiments may have enabled further 
densification and sintering of the cathode layer and the cathode–
electrolyte interface at low temperatures. While a lot yet has to 
be resolved about the mass transport at liquid–solid interfaces 
involved in cold sintering, this process can create a new opportu-
nity to sinter ceramic electrolyte and cathode layers without ther-
mally-driven reactions at the interface. Cold sintering on solid 
electrolyte[76] and cathode material[77] were shown to improve 
densification even at relatively low temperature (<300 °C). This 
can lead to a decreased ASR in our system as well.

Interfacial resistance increased steeply after annealing in 
CO2. Notably, interfacial resistance became too high to measure 
when the annealing temperature was 500 and 700 °C. This fits 
with severe degradation at those temperatures demonstrated by 
XAS and XRD results. None of the phases in XRD characteriza-
tion observed have known Li conductivity. Thus we conclude 
CO2 environment is the most detrimental phase for sintering, 
leading to formation of insulating secondary phases.

While pure CO2 is a lot more aggressive than the ppm-
levels of CO2 in air, the steep increase of interfacial resistance 
along with the formation of delithiated phases and Li2CO3 
are consistent with our previous findings from annealing the 
NMC|LLZO in air.[30] After annealing at 700 °C in air, La(Ni,Co)
O3, La2Zr2O7, and Li2CO3 formed and interfacial resistance at 
NMC622|LLZO interface increased by two orders of magnitude 
compared to as deposited state. While here in pure CO2 we find 
more extensive, a wider range of degradation products, simi-
larities of reaction pathway and interfacial resistance increase 
indicate that CO2 was the key contributor of the interfacial 
degradation in air.

Lastly, we can also see variations of the bulk resistance of 
LLZO in Figures 9–11. This likely originates from the conduc-

tivity variation of LLZO pellets themselves, and is not related 
to annealing at different conditions. Conductivities of LLZO 
pellets differ in literature by two orders of magnitude even if 
they were prepared by nominally the same experimental pro-
cedure.[71] This can result in the different resistances of bulk 
LLZO in Figures  8–11. It is also possible that the LLZO bulk 
conductivity can vary by doping as a result of transition metal 
migration from NMC622 into LLZO during thermal treatment. 
However, doping of Ni and Co into LLZO decreases bulk ionic 
conductivity of LLZO.[78] This does not explain the EIS data in 
Figures 9,10, in which the bulk resistance of LLZO for samples 
annealed at higher temperatures (potentially more diffusion 
of Ni and Co into LLZO) is lower than the samples annealed 
at lower temperatures. Therefore, potential doping of LLZO 
from NMC622 during annealing is not the dominant reason 
for the variations in bulk resistance of LLZO in the annealing 
experiments.

3.5. Cycling Properties of the NMC622|LLZO Annealed in Pure O2

We have electrochemically cycled the sample that was annealed 
at 500 °C in pure O2. The NMC622|LLZO interface was chemi-
cally stable without secondary phase formation in this thermal 
condition as seen by the XAS and XRD results explained above. 
Interfacial charge transfer resistance at this condition was also 
lower than in the as-deposited sample, indicating improved 
interface sintering.
Figure  14 shows charge–discharge cycles for the 

Pt|NMC622|LLZO|Li cell. 1st charge capacity was 117 mAh g−1, 
and 1st discharge capacity was 77 mAh g−1, both comparable 
to an earlier report on NMC622|LLZO all solid battery with a 
Li3BO3 interlayer.[43] Irreversible capacity loss happened during 
the 1st cycle, as capacity for the 2nd charge dropped sharply to 
61 mAh g−1. Both the charge capacity and discharge capacity 
decreased gradually from 2nd to 10th cycle.

We performed differential capacity analysis to identify the 
voltages at which electrochemical reactions happen. Figure  15 
shows differential capacity curves for the 1st, 2nd, and 10th 
cycles. Three distinguishable peaks appeared in the differential 
capacity curve for the 1st charge at 3.7, 3.85, and 4.2 V. These 

Figure 13. Area specific resistance (ASR) corresponding to single 
NMC622|LLZO interface. Data obtained from the as deposited sample 
and the samples annealed in O2, N2, humidified O2 (2 wt% H2O in O2), 
CO2, and air for 4 h are shown. Data for samples annealed in air are from 
our previous work,[30] and plotted here for comparison.

Figure 14. Charge and discharge cycles for the Pt|NMC622|LLZO|Li cell. 
0.5 C current was used for cycling at 80 °C.
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correspond to the H1 (Hexagonal) → M (Monoclinic), M (Mono-
clinic) → H2 (Hexagonal), and H2 (Hexagonal) → H3 (Hexa-
gonal) transitions of the NMC622 cathode, respectively.[79,80]

Only the features for H1 → M and M → H1 transitions 
appeared for all charge–discharge cycles. Moreover, peaks 
for H1 → M and M → H1 transitions shifted gradually with 
increasing cycle number, indicating an overpotential increase. 
Zhang et al. also observed peak shift during cycling of solid bat-
teries based on Li10GeP2S12, and attributed the phenomena to 
degradation at LiCoO2|Li10GeP2S12 interface.[81]

We attribute the sharp decrease in capacity and the increase 
in interfacial resistance after the first cycle to both electrochem-
ical and mechanical instability at the NMC622|LLZO interface. 
Oxidation limit of LLZO according to density functional theory 
calculations is 2.91 V versus Li/Li+.[36] Secondary phase forma-
tion due to chemical reaction could have decreased capacity, 
similar to the case of solid state batteries with sulfide electrolyte 
(Li10GeP2S12).[82] In addition, loss of contact between NMC622 
and LLZO originating from cracks and delamination at the 
NMC622|LLZO interface could have also decreased capacity. 
Crack formation and delamination at the cathode|electrolyte 
interface and interfacial resistance increase after initial 
cycling were also found in other studies on NMC622|LLZO 
solid state batteries with interface coatings[43,83] and on 
NMC811|Li10SnP2S12 solid state batteries.[84]

As the electrochemical performance of our best cell with 
the thin film cathode design, and the cells with composite 
cathodes made of LLZO and layered oxide cathode particles 
from literature[43,83] are consistent with each other, we can jus-
tify the usage of our cell as a model system to understand the 
thermally-induced interfacial degradation in NMC622|LLZO 
cells.

4. Discussion

We were able to isolate the potential contributions to degra-
dation when LLZO and a layered transition metal oxide is 

co-sintered in air, by using gas components from air as pure 
gases in the annealing environment, specifically O2, N2, CO2, 
and humidified O2. As seen from the chemical, structural, and 
electrochemical data presented above, pure O2 environment 
was ideal during annealing the NMC622|LLZO interface up to 
700  °C, giving rise to a chemically stable interface with lower 
resistance. Secondary phases did not form after annealing 
in N2, either, so it can be considered as an alternative poten-
tially less expensive choice compared to pure O2. In contrast, 
annealing in humidified environment and CO2 environment 
led to the formation of secondary phases. Detrimental effect 
of CO2 on interfacial degradation was the most severe. These 
experimental results of relative stability in different gas con-
ditions are consistent with our Gibbs free energy analysis of 
reactions between the layered transition metal oxide cathode 
material and LLZO electrolyte.

1st charge capacity of the Pt|NMC622|LLZO|Li cell was  
117 mAh g−1 and 1st discharge capacity was 77 mAh g−1 for 
the cell prepared by annealing the NMC622|LLZO interface at 
500 °C in pure O2. In addition, the cell was cyclable for at least 
ten more cycles afterward. Voltages for both the lithiation and 
delithiation of the cathode of this cell are consistent with lay-
ered oxide cathodes in the form of powders.[79,80] This  indicates 
that annealing NMC622|LLZO in O2 produces cathode–electro-
lyte interfaces with the appropriate and relevant electrochemical 
properties. In addition, it justifies that our chemical and struc-
tural results obtained on such thin film cathode|LLZO model 
system are applicable to solid state batteries.

Sintering in O2 would cost more, in terms of both energy 
and materials, compared to sintering in air due to the produc-
tion of O2, but this increase would be very small compared to 
the total energy consumption for the solid-state cell prepara-
tion. Based on calculations of Troy et al. on energy demand for 
manufacturing Al|LiCoO2|LLZO|Li|Cu pouch cell,[85] we estimate 
co-sintering in O2 environment will increase the total energy 
demand for manufacturing by only a mere 0.0027% (see Experi-
mental Section for details). In addition, given the relatively low 
cost of O2 ($40 per ton),[86] we expect the increase in material and 
supply cost for sintering in O2 environment would be negligible. 
Moreover, O2 is already being used to synthesize layered oxide 
cathodes such as lithium manganese rich lithium nickel man-
ganese cobalt oxide cathodes (LMR-NMC).[87] However, the more 
complicated system to keep operations safe in pure O2 and to 
minimize O2 loss can add to the cost of this approach. N2 envi-
ronment can be a more cost-effective alternative to pure O2 envi-
ronment. No secondary phases were detectable by XAS and XRD 
in NMC622|LLZO. In N2, however, oxygen loss from NMC622 
takes place at 700 °C according to XAS. Nevertheless, oxygen loss 
did not cause degradation of the cathode phase or its interface. 
Interfacial resistance decreased at 700 °C, and this is attributed 
to better sintering in the presence of oxygen vacancies.

In humidified O2 environment, degradation driven by hydra-
tion took place at 500  °C and recovery due to dehydration at 
700  °C. A γ-NiOOH-like local environment formed at 500  °C, 
which we justified by XAS and attributed to Li+/H+ exchange 
in the cathode by hydration. Annealing at 700 °C reversed the 
detrimental effect of humidity by dehydration. Therefore, heat 
treatment at sufficiently high temperature could restore the 
sample even after hydration. This finding is consistent with 

Figure 15. Differential capacity as a result of cycling the Pt|NMC622|LLZO|Li 
cell with ten cycles. The 1st, 2nd, and 10th cycles are shown. 0.5 C current 
was used for cycling at 80 °C.
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former studies on Li containing ceramics which are prone to 
Li+/H+ exchange in humidified environment. Protonated LLZO 
loses mass around 450 to 500 °C due to deprotonation in a form 
of H2O evolution.[88–90] Deprotonation of Li1 − xHxNiO2 was also 
found at 200 to 220 °C and 300 to 320 °C by thermogravimetric 
analysis.[52]

CO2 environment was the most detrimental to the 
NMC622|LLZO interface, leading to the formation of sec-
ondary phases at 500 and 700 °C. The presence of Li2CO3 and 
La2Zr2O7 as a result of annealing in CO2 matched with our 
previous findings in NMC622|LLZO when annealed in air.[30] 
Peak intensities of LLZO from the sample annealed at 700 °C 
was very low, indicating most of LLZO within the detection 
depth had degraded into secondary phases. In addition, car-
bonated species (La2O2CO3, NiCO3, and CoCO3) and reduced 
species (La2NiO4, La2CoO4) were also found when the sample 
was annealed in CO2. This severe degradation originates from 
higher PCO2  and lower PO2  in pure CO2 compared to air. These 
found secondary phases are not Li-ion conductors. Li2CO3 has 
limited Li-ion conductivity (10−3 mS cm−1) at room tempera-
ture, much lower compared to that in LLZO.[91] La2Zr2O7 and 
Ruddelsden-popper phases are also not Li-ion conductors.[27,92] 
We do not expect carbonated species (La2O2CO3, NiCO3, and 
CoCO3) to have good Li-ion conductivities since they do not 
have Li in their lattice nor cation vacancy channel for lithium 
ion transport. As a result, these insulating secondary phases 
block Li transfer at the interface, resulting in the very high 
resistances found by EIS (Figure 12).

These findings justify our claim that Li2CO3 formation 
by reaction with ambient CO2 is the deciding factor for the 
thermal interfacial degradation when the cathode(NMC622, 
LCO)-LLZO interface is sintered in air.[29,30] This experimental 
finding is in accordance with the Gibbs free energy analysis, 
which predicted spontaneous reaction between cathode and 
electrolyte even with partial pressure of CO2 in air (4.12 ×  
10−4 atm for 412 ppm concentration[93]) at 300 to 700 °C (Figure 1).

The degradation reactions nucleate at the interface between 
the ceramic cathode and the ceramic electrolyte. In order to 
be sensitive to this process initiating at the interface, we have 
used thin film (≤100 nm) cathode layers, so that we could cap-
ture the onset of the reactions even if only a small volume is 
affected. Because we are working with thin cathode layers, 
once the interface reactions nucleate and propagate, it looks as 
if we are transforming the bulk of the cathode layer, but this is 
because we are working with thin films. This is different from 
conventional cell design in which cathode particles with diam-
eter larger than 1 µm are used.[40] For example in our prior work 
with LCO|LLZO, we have shown that 5–20  nm thickness from 
the interface is affected by these reactions at 300 °C, and about 
100  nm at 500  °C.[29] Given the small volume and the disor-
dered nature of these reacted interface zones, it is impossible to 
capture them with powder XRD at their onset conditions. Our 
approach combining thin-films with spectroscopy targets that, 
and captures the chemical and structural changes nucleating at 
the interface and propagating from the interface after they onset. 
This process indeed relates to the cathode–electrolyte interface 
reactions if powder cathode particles were used on an LLZO, but 
this does not necessarily mean the entire bulk of the cathode 
particles would have reacted in that more conventional geometry.

As a result, pure O2 gas condition was ideal, with good 
interface stability and decrease of interface resistance up to 
700 °C. NMC622|LLZO annealed at 700 °C in O2 had the lowest 
ASR, 130 Ω∙cm2. This value is comparable to the lowest ASRs 
obtained at LiCoO2|LLZO interfaces with coated interlayers;[94] 
for example 230 Ω∙cm2 with Li3BO3 interlayer,[39] 101 Ω∙cm2 
with Li2CO3  + Li2.3C0.7B0.3O3 interlayer,[40] 150 Ω∙cm2 with Nb 
interlayer,[41] and 53.5 Ω∙cm2 with Nb2O5 interlayer.[42] In this 
work, by removing CO2 from the gas environment during 
sintering, we succeeded in obtaining comparably low ASRs 
but without the need for an interlayer. This is an advantage, 
because the introduction of the interlayer coatings into the 
battery cell also introduces additional, elaborate, and costly 
thin-film processing steps in the fabrication of the battery. In 
order to be competitive with liquid batteries whose ASR is 
≈22 Ω∙cm2,[95] we need to lower the ASR further. We expect 
the NMC622|LLZO interface ASR could be lowered further, 
for example by a fast firing technique at high temperature for 
a short time with high ramp rate,[96] to expedite and enhance 
densification at the interface.

Although we have not done experiments in dry air and syn-
thetic air, we can predict the outcome based on our findings in 
this paper. Dry air or synthetic air can be other potential gas envi-
ronment for annealing and bonding the NMC622|LLZO inter-
face. As for dry air, we expect interfacial degradation since dry 
air still has CO2, and the Gibbs free energy for the reaction was 
negative (spontaneous) with CO2 partial pressure (of 4.12 × 10−4 
atm for 412 ppm concentration[93]) in air. On the other hand, for 
synthetic air (made of pure O2 and pure N2) we do not expect 
interfacial degradations, since the environment is CO2-free and 
the Gibbs free energy for the reaction was positive (non-spon-
taneous) and secondary phase did not form in both O2 and N2.

We also note that the degradation mechanism in CO2 and 
the way to mitigate it on the LLZO-cathode interface is different 
from that on the LLZO-Li anode interface. On the LLZO-Li 
metal anode interface, CO2 reacts with LLZO and forms Li2CO3, 
and this substantially degrades physical wetting and contact 
area of Li metal on LLZO, thus increases the interface resist-
ance.[32,97] Physically removing that Li2CO3 prior to pressing the 
Li metal anode layer onto the ceramic electrolyte circumvents 
that issue.[32] What we find on the cathode side is very different. 
The degradation during synthesis of the cathode–electrolyte 
interface in air or in CO2 is rather due to the formation of Li-
deficient secondary phases, such as La2Zr2O7 and perovskite-
related oxides (e.g., La(Ni,Co)O3), as a result of Li-loss in the 
form of Li2CO3, and not by loss of physical contact between 
LLZO and the oxide cathode. Therefore, one has to avoid for-
mation of Li-deficient secondary phases. This can be done by 
avoiding CO2 in the environment, and this approach reduces 
the interface resistance to lowest values reported in literature 
where elaborate coatings had to be used. We believe this is an 
important insight to guide how to synthesize cathode–electro-
lyte material interfaces in the best way.

5. Conclusion

The goal of this work was to isolate and identify the key 
contributors to degradation when LLZO and a layered 
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transition metal oxide are co-sintered in air. For that, we 
have used gas components from air as pure gases in the 
annealing environment of NMC622|LLZO, specifically O2, 
N2, CO2, and humidified O2 at 300 to 700  °C. Findings 
from our thermodynamic predictions (Gibbs free energy 
analysis of reactions), chemical and structural characteriza-
tion (XAS and XRD), and electrochemical analysis (EIS) cor-
relate well with each other. Annealing in pure O2 gas has 
given the best result. The interface remained stable at up 
to 700  °C while interfacial resistance at room temperature 
decreased from 1500 to 130 Ω∙cm2. This is comparable to 
the lowest interface ASR values obtained by using protec-
tive interlayer coatings between LLZO and layered transi-
tion metal cathodes; but here without the additional step of 
an interface coating. Capacities and potentials of charging/
discharging plateaus for the Pt|NMC622|LLZO|Li cell pre-
pared by annealing the NMC622|LLZO in pure O2 matched 
well with previous studies on NMC622. The interface also 
remained free of secondary phases when annealed in N2. 
However, oxygen loss took place at 700  °C. In humidified 
O2, NMC622 was hydrated at up to 500  °C and dehydrated 
at 700  °C, consistent with the calculated Gibbs free energy 
of reactions. Therefore, if a completely dry environment is 
not possible, using sufficiently high sintering temperature 
can minimize or avoid the detrimental effect of humidity. 
Annealing in CO2 was the worst condition, and caused the 
formation of insulating secondary phases that block and 
diminish the charge transfer capability. Removing CO2(g) 
from the sintering gas environment is important for the 
successful co-sintering of LLZO and layered transition metal 
oxide cathode materials without interfacial degradation. Co-
sintering in pure O2 environment gives the best result in 
terms of both interfacial chemical stability and interfacial 
resistance.

6. Experimental Section
LLZO Synthesis and Pellet Preparation: Al doped LLZOpellets were 

prepared in a two-step process. The first step was to make LLZO powder 
by solid-state reaction. The precursors (Li2CO3, La2O3, ZrO2, and Al2O3) 
were mixed in a mortar for 30 min. Al:Li:La:Zr molar ratio in the mixture 
was 0.24:6.9:3:2. 10% excess Li was used to compensate for Li loss 
during the high temperature treatment. The mixture was sintered in 
an alumina crucible at 900 °C for 12 h in air. After the heat treatment, 
the product was grinded in a mortar for 30  min to make fine powder. 
The second step was to make pellets from the powder. The powder was 
pressed in a 10 mm diameter pressing die to make pellets. The pellets 
were sintered in an MgO crucible at 1160 °C for 15 h in air. The pellets 
were covered with LLZO powder during sintering to compensate for Li 
evaporation. The sintered pellets were polished using 600, 800, 1000, 
and 1200 grit paper in sequence.

NMC622 and Gold Film Deposition: RF sputtering was used to 
prepare NMC622 and Gold thin film. Targets were 2 inch in diameter. 
Deposition condition was 100 W power and 3 mTorr pressure at room 
temperature. Ar:O2 ratio was 3:1 for NMC622 deposition. Pure Ar was 
used for Au deposition. NMC622 target with 10% excess Li was used to 
compensate for Li loss during sputtering. The sample stage was rotated 
during deposition for uniform deposition.

Gibbs Free Energy Calculation: The temperature and pressure 
dependence of Gibbs free energy was calculated as following.

First, the formula for Cp(T) for each phase was obtained. Data from 
NIST-JANAF thermochemical tables were used to obtain Cp(T) for 
Li2CO3, Li2O, Li2O2, LiOH, O2, CO2, and H2O.[98] Cp(T) for LLZO[99] and 
LiCoO2

[100] were given by respective former works. As for La2Zr2O7
[101] and 

LaCoO3,[102] given Cp for discrete temperatures were fitted experimentally 
to the following function.

p
2 3

2C T A BT CT DT E
T

( ) = + + + +  (5)

Second, H°(T,1 bar) and S°(T,1 bar) for each phase were calculated 
by using standard formation enthalpy (Hf°(298.15 K, 1 bar)), standard 
entropy (S°(298.15 K, 1  bar)), and Cp(T). Data from NIST-JANAF 
thermochemical tables were used to acquire standard formation 
enthalpy and standard entropy for Li2CO3, Li2O, Li2O2, LiOH, O2, 
CO2, and H2O.[98] Standard formation enthalpy and standard entropy 
for LLZO,[99] LiCoO2,[103] La2Zr2O7,[101] and LaCoO3

[102,104] are given 
from corresponding works. Terms for Cp(T) of elements weren’t 
considered when calculating H°(T,1bar)  since they cancel out in the 
next step.

,1 298.15K,1 df p 1 1298.15K
H T bar H bar C T T

T� � ∫( ) ( ) ( )= +  (6)

,1 298.15K,1 dp 1

1
1298.15K

S T bar S bar
C T

T
T

T� � ∫( ) ( ) ( )
= +  (7)

Third, ΔH°(T,1 bar) and ΔS°(T,1 bar) for the proposed reaction were 
calculated by using H°(T,1 bar) and S°(T,1 bar) found for each phase in 
the previous step.

Finally, ΔG(T,Pgas) for the proposed reaction was calculated by using 
ΔH°(T,1  bar), ΔS°(T,1  bar) found in previous step and considering 

pressure dependence. Since |( ) |G
P T

∂
∂

 for the gas phase was much bigger 

than the solid or liquid phase, the pressure dependence of gas phase 
was only considered.

, ,1 ,1 lnG T P H T bar T S T bar n RT
P

Pgas
gas� �
�( ) ( )( )∆ = ∆ − ∆ + ∑  (8)

1P baro =  (9)

Bruker GADDS X-Ray Diffraction: Co anode (wavelength: 1.79 Å) was 
used for XRD measurement. The sample stage was rotated at a constant 
speed(≈60° min−1) during data acquisition to avoid effect of preferential 
orientation of grains. The Bragg–Brentano geometry was used for XRD 
measurement. A 0.5  mm pinhole incident-beam collimator was used, 
and the sample-to-detector distance was kept at 159 mm. Three 2D XRD 
images were obtained for each sample, and the image was processed to 
1D XRD plot in Figure  6. Table 1 summarizes experimental conditions 
used to obtain 2D XRD images. Each image contained 2048 × 2048 
pixels, and needed 1 h data acquisition time.

Soft X-Ray Absorption Spectroscopy: O K-edge, Ni L2,3-edge, La  
M4,5-edge, and Co L2,3-edge spectra were measured at the 23-ID-2 (IOS) 
beamline, National Synchrotron Light Source II (NSLS-II) in partial 
fluorescence yield mode using a Vortex EM silicon drift detector. The 
data were analyzed using Athena software.[105]

Electrochemical Impedance Spectroscopy: EIS data were collected using 
PARSTAT 4000, with 100  mV AC amplitude at room temperature. The 
data were processed using ZView software(Scribner).

Table 1. Center angle, start angle, and end angle for each 2D XRD image 
used to make 1D XRD plot.

Center angle(2θ) 30.00˚ 45.00˚ 60.00˚

Start angle(2θ) 11.20˚ 26.20˚ 41.21˚

End angle(2θ) 51.24˚ 65.21˚ 79.41˚
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Electrochemical Cycling: The cell was cycled between 3.0 and 4.3  V 
with 0.5 C current assuming 187 mAh g−1 theoretical capacity at 80  °C 
using Autolab PGSTAT204. Noise on the differential capacity curve 
was reduced by following the approaches of Thompson et  al.[106] First, 
the differential capacity at each voltage point was calculated using the 
following approximation.

d
d

1

1

Q
V

Q Q
V V

i

i i

i i





 =

−
−

−

−  (10)

Second, only data points with a voltage difference higher than 
0.0007  V were used for analysis so that the denominator was large 
enough. Third, the Savitzky–Golay filter(order: 3, window length: 9) was 
applied on the obtained differential capacity curve.

Energy and Cost Assessment for Co-Sintering in O2 Environment: 
Troy et  al. found that the energy needed to make a 5  cm by 5  cm 
Al|LiCoO2|LLZO|Li|Cu pouch cell with 43.75 mAh capacity was 156.4 MJ 
per cell.[85] The calculation included the energy demand for material 
synthesis, tape casting, co-sintering, and cell assembly. The extra 
energy needed for co-sintering in O2 environment was calculated using 
the following approach. First, the total amount of oxygen required 
for co-sintering in oxygen environment was estimated by assuming  
100 sccm flow rate with 1 h sintering time. The sintering time was chosen 
by considering works on fabricating LLZO-based all solid batteries using 
tape casting.[107–109] The total weight of O2 needed for co-sintering is 
given by the following formula.

density of1.31 10 g cm O 100 cm min 60 min 7.86 g3 3
2

3 1( )× × × =− − −  (11)

Second, the energy needed to produce O2 was calculated. The energy 
needed for oxygen separation from air by cryogenic method was 150 kWh 
per ton O2 (540 MJ per ton O2)[110] Therefore, the total energy needed for 
producing oxygen for co-sintering is as following.

7.86 g 1 10 g 540 4.246 1ton per MJ ton kJ× × =−  (12)

The additional energy consumption needed for the preparation 
of oxygen for co-sintering increased the total energy needed for cell 
preparation by 0.0027%.

For solid batteries based on LLZO solid electrolyte, the price of LLZO 
overwhelms the prices of other constituents. The current market price of 
Ampcera LLZO sold by MSE Supplies was $675 per 100 g. The price was 
at least two orders of magnitude higher than cathode or anode materials 
when compared for the same weight.[111] The total weight of LLZO used 
for making Al|LiCoO2|LLZO|Li|Cu pouch cell by Troy et  al. was 10  g, 
which would cost $67.5. The price of oxygen prepared by cryogenic 
method was $40 per ton.[86] The price for 7.86 g O2, which was needed 
for co-sintering was $0.0003. This was 4 × 10−6 of the price of LLZO. 
This was a negligible contribution to the materials and supplies cost of 
battery manufacturing.
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