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S1. Preparation of the solid electrolyte 

S1.1. Synthesis of the lithium-rich ionic conductor Li10GeP2S12 nanoparticles 

Lithium (Li)-rich ionic conductor Li10GeP2S12 (LGPS) nanoparticles were synthesized by 

mechanical mixing followed by a thermal annealing of lithium sulfide (Li2S, 99.98% trace metal 

basis, Sigma-Aldrich), di-phosphorus pentasulfide (P2S5, synthesis grade, Sigma-Aldrich), and 

germanium di-sulfide (GeS2, 99.99%, Sigma-Aldrich) (30, 51, 52). In detail, 1 g of Li2S:P2S5:GeS2 

mixture in molar ratios of 5:1:1 was packed in a stainless steel ball mill jar in an argon (Ar)-filled 

glovebox with controlled humidity and oxygen (O2) levels below 1 ppm. A ball to powder ratio of 

10:1 wt% (zirconia balls, 3 mm in diameter) was used for the mechanical mixing of the powders. 

The ball milling procedure was conducted using a SPEX SamplePrep 8000M mixer mill at room 

temperature for 60 hours to ensure the complete mixing of the precursors with 15 minutes of rest 

time every hour to avoid excessive heating of the sample. The powder was then taken out of the 

ball mill jar inside the Ar-filled glovebox and transferred into a quartz ampule which was later 

vacuum-sealed. Finally, the sealed ampule was transferred into a tube furnace (OTF-1200X-S-II, 

MTIXTL), where it was heated at a temperature of 550 °C for 8 hours under a high purity Ar 

atmosphere. The obtained powder was then ground using an agate mortar and pestle in the Ar-

filled glovebox to obtain the LGPS nanoparticles. LGPS nanoparticles were stored in the Ar-filled 

glovebox at all times.   

S1.2. Synthesis of the solid electrolyte 

The solid electrolyte was synthesized, first, by continuous mixing of 50 mg LGPS nanoparticles 

and 1 gr 3-[methoxy(polyethyleneoxy)6-9 propyl] trimethoxysilane (mPEO-TMS, Mw=525 gr/mol, 

Sigma-Aldrich) in acetonitrile (anhydrous, Sigma-Aldrich) at 60 °C (solution temperature) for 

overnight. The presence of the silane group in mPEO-TMS leads to the formation of a chemical 
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bonding interaction between the LGPS and the EO chains, as suggested by the lithium bond theory 

(35). In detail, the Li atoms of Li2S clusters present in the LGPS nanoparticles and the electron-

rich donor group (R-Si-(OCH3)3) in the mPEO-TMS form a strong chemical bond (42). Next, a 

homogenous solution of 0.5 gr PEO and 1.22 gr of lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) in anhydrous acetonitrile was added to the previously prepared solution of mPEO-TMS 

and LGPS. The solution was then stirred slowly at room temperature to avoid gas bubbles being 

trapped in the slurry. The final solution was then poured over a flat polypropylene petri dish. Next, 

the casted composite polymer electrolyte (CPE) film was dried in ambient air over 3 days at room 

temperature and then vacuum-dried for 2 days at 50 °C with a cap on the top of the polypropylene 

petri dish for slow evaporation of the solvent. Finally, in the Ar-filled glovebox, the CPE was 

peeled of and cut into discs using hollow punches for use in electrochemical experiments. 

A schematic of the synthesized CPE and the formed chemical bonds between Si atoms in mPEO-

TMS and S atoms in Li2S (present in LGPS) is shown in Fig. S1.  

S2. Characterization of the Li10GeP2S12 nanoparticles and the CPE 

S2.1. X-ray diffraction experiments 

X-ray diffraction (XRD) experiments for the LGPS nanoparticles and the CPE were carried out 

to identify their crystalline phase and purity. Samples were sealed in an Ar-filled glovebox using 

a custom sample holder. XRD patterns were collected using a Bruker D2 PHASER diffractometer 

in Bragg–Brentano geometry with Cu Kα radiation and a LynxEye position-sensitive detector. A 

step width of 0.2° 2θ and a counting time of 10 s/step were used. All other parameters were chosen 

to enhance the signal to noise in the spectra. Fig. S2 presents the diffraction patterns for the LGPS 

nanoparticles and the CPE. The diffraction pattern for the LGPS, verified by ICDD, shows distinct 

peaks at 12.9°, 26.7°, 29.2°, and 32.3° that are attributed to the (101), (212), (203), and (310) 

crystalline surfaces, confirming the phase purity and crystalline structure of the synthesized LGPS 
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nanoparticles with tetragonal crystal system and P42mc space group (53, 54). The Scherrer 

equation (55) (Equation S1) was also employed to determine the average crystallite size for the 

synthesized LGPS nanoparticles. Considering the dominant peaks, the Scherrer equation indicates 

an average crystallite size of 17 nm for the LGPS nanoparticles. 

where ‘d’ is the mean size of the ordered domain, ‘K’ is the dimensionless shape factor (K = 

0.98 for spheres), ‘λ’ is the X-ray wavelength (λ = 0.158 nm for Cu X-ray tube), ‘β’ is the line 

broadening at half of the maximum intensity in radians and θ is the Bragg angle in radians (55). 

d =
Kλ

βcosθ
  (Equation S1) 

 Fig. S1 also shows the XRD pattern for the CPE where peaks at 18.6° and 23° are relevant to 

that of PEO and mPEO-TMS, respectively. 

S2.2. X-ray photoelectrons spectroscopy experiments 

X-ray photoelectron spectroscopy (XPS) experiments were performed to obtain the chemical 

composition of the LGPS nanoparticles and the CPE, as well as to confirm the chemical interaction 

between the LGPS and the EO chains via the silane coupling agent. Samples were stored in a 

sealed vial under Ar environment and transferred into the XPS chamber using a mobile glovebox 

to avoid any contamination. XPS experiments were performed using a Thermo-Scientific 

ESCALAB 250Xi instrument equipped with an electron flood and scanning ion gun. All the XPS 

measurements, including peak normalizations and binding energies, are based on the C 1s C-C 

bond at 284.8 eV and are obtained by averaging 3 different points on the samples. A Shirley 

background was used to consider the inelastic scattering for the curve-fitting. Thermo-Avantage 

software (version 5.9931) was used to process the XPS spectra. 
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Figs. S3A-D presents the S 2p, P 2p, Ge 3d, and Li 1s spectra of the LGPS nanoparticles. The S 

2p spectrum (Fig. S3A) indicates two set of standard 2p3/2 and 2p1/2 peaks at 161.4 and 162.6 eV, 

relevant to the S elements in Ge/P-S-Li, and at 161.8 and 163.4 eV associated with the double 

bond P=S in LGPS. Fig. S3B shows a doublet peak at 132 and 133 eV relevant to the PS4
3- and 

two other peaks at lower binding energies of 123 and 127.2 eV that are attributed to the Ge 3p 

spectrum. The Ge 3d XPS spectrum also indicates the presence of Ge (IV) at 30.3 eV and a broad 

peak at ~25 eV that is related to the O 2s spectrum. The XPS results shown in Fig. S3 are consistent 

with the previously XPS data in the literature for LGPS nanoparticles, suggesting its successful 

synthesis (56, 57). 

 

The Si 2p, and S 2p spectra for the CPE are shown in Figs. 2A-B, respectively, with all the 

discussion given in the manuscript. The C 1s and O 1s spectra of the CPE are shown in Fig. S4. 

Fig. S4A shows the C 1s spectrum where the peaks at 284.8, 285.6, 286.4, and 293.7 eV are 

attributed to the binding energies of C–H (and C-C), C–O, C–S, and C–F, respectively. The O 1s 

spectrum (Fig. S4B) indicates two peaks at 531.6 and 533 eV relevant to the binding energies of 

O=S (originated from LiTFSI) and O-C (originated from PEO and mPEO-TMS), respectively. 

S2.3. Scanning electron microscopy and energy-dispersive X-ray spectroscopy  

In order to obtain information on the morphology and elemental composition distribution of the 

prepared CPE, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDX) experiments were performed using a JEOL JSM-IT500HR SEM. Imaging was performed 

at 15 kV, emission current (Ie ) of 48 µA in high vacuum (HV) mode (Gun: 1.15 x 10-7 Pa; Int.: 

4.55 x 10-7 Pa). The SEM images were obtained with moveable objective aperture (60µm) 

in secondary electron (SE) mode. The CPE samples were stored in sealed vials under Ar 

atmosphere and were quickly transferred into the SEM chamber to avoid any contamination. The 
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SEM and EDX images of the CPE are shown in Fig. 2C and Fig. S5, respectively. The EDX shows 

the uniform distribution of the elements such as Ge, S, and P present in LGPS as well as C, N, F, 

S, and O that are present in the PEO, mPEO-TMS, and LiTFSI. 

S3. Ionic conductivity tests for the solid electrolyte 

In order to measure the ionic conductivity of the CPE, electrochemical impedance spectroscopy 

(EIS, AC impedance spectrum) experiment was employed using symmetric SS|CPE|SS 

electrochemical cell (36, 58–61). The AC impedance experiment was carried out at room 

temperature, a frequency range of 100 kHz to 0.1 Hz, and an AC signal of 5 mV (known to be 

sufficient to generate a proper signal-to-noise ratio while inducing a strongly linear current) using 

a BioLogic potentiostat SP150. The Nyquist diagram of the CPE is shown in Fig. 2D with the 

circuit shown in the inset, where 𝑅𝑠 is the bulk resistance of the CPE, 𝑅𝑖 is the interfacial resistance 

that is present at the SS electrode and the CPE, 𝑄𝑖 is the constant direction element, and 𝑍𝑊 is the 

corresponding Warburg diffusion resistance at the low frequency region. 

The ionic conductivity of the CPE was then calculated using Equation S2: 

σ =
L

A×Rs
 (Equation S2) 

Where 𝐿 (𝑐𝑚) and 𝐴 (𝑐𝑚2) are the thickness and the surface area of the CPE in contact with the 

SS electrodes, respectively. Moreover, 𝑅𝑠 (Ω) is the bulk resistance. Fig. S6 shows the comparison 

between the CPE and the control sample without LGPS nanoparticles (the solid electrolyte control 

sample).  

As shown in this figure, the ionic conductivity of the control sample, with the thickness of ~141 

µm, is about 0.06 mS/cm that is by one order of magnitude smaller than that of CPE, indicating 

that the addition of the LGPS nanoparticles significantly boosts the ionic conductance owing to 

enhanced Li+ transfer pathways. 
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S4. Electrochemical redox stability measurements for the solid electrolyte 

In order to assess the electrochemical redox stability of the prepared CPE, linear sweep 

voltammetry (LSV) experiment was performed in an electrochemical cell with two Li chips 

(99.9% purity, MTIXTL) was used as the working and the counter electrodes. The LSV experiment 

was carried out at room temperature and a scan rate of 1 mV/s by sweeping the potential from -1 

to 6 V vs. Li/Li+ using a BioLogic potentiostat SP150. The LSV results is shown in Fig. 2E, where 

the electrochemical redox stability is referred to as the potential window (5.27 V) between the 

onset of oxidation and that of reduction. 

S5. Lithium-ion transference number measurements for the solid electrolyte 

In order to obtain the Li ion transference number (𝑡𝐿𝑖+), the fraction of the total electrical current 

carried in the CPE by Li ions, a set of EIS experiments (AC impedance and DC pp) was performed 

using symmetric Li|CPE|Li electrochemical cell (36, 42, 62, 63). To do this, first, the AC 

impedance experiment was carried out at room temperature, a frequency range of 100 kHz to 0.1 

Hz, and an AC signal of 5 mV using a BioLogic potentiostat SP150. Next, a DC bias of 30 mV 

was applied across the electrochemical cell until the cell current was stabilized. Similar AC 

impedance experiment was carried out and the 𝑡𝐿𝑖+ of the CPE was then calculated using Equation 

S3. 

tLi+ =
Iss(∆V−I0R0)

I0(∆V−IssRss)
  (Equation S3) 

Where 𝐼0 and 𝐼𝑠𝑠 are the initial and steady-state currents, and 𝑅0 and 𝑅𝑠𝑠 are the initial and steady-

state resistance of the passivation layer. It is worth mentioning that the decline in the current until 

it reaches to 𝐼𝑠𝑠 is attributed to the growth of passivation layers at the blocking electrodes until a 

limiting thickness is formed. 
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Fig. 2F shows the DC/AC EIS analysis of the CPE. As shown in this figure, before applying the 

DC bias, the AC impedance experiment indicates a 𝑅0 of 314 Ω and a 𝐼0 of 90.3 µA. The 

corresponding 𝑅𝑠𝑠 and 𝐼𝑠𝑠 values for the CPE after the DC bias for about 8 hours are 365 Ω and 

76.9 µA, respectively, resulting in a 𝑡𝐿𝑖+ of 0.73. The DC/AC EIS analysis results for the solid 

electrolyte control sample is given in Fig. S7, where the corresponding 𝑅0 and 𝐼0 are 348 Ω and 

82.3 µA, respectively. Moreover, upon applying the DC bias for about hours to stabilize the cell, 

a 𝑅𝑠𝑠 of 496 Ω and a 𝐼𝑠𝑠 of 55.4 µA were measured for the solid electrolyte control sample, 

resulting in a 𝑡𝐿𝑖+ of 0.36. Our DC/AC EIS analysis further suggests that the 𝑡𝐿𝑖+ for the CPE is 

two times higher than that of the solid electrolyte control sample, confirming the beneficial role of 

LGPS nanoparticles for enhanced Li+ transport (42).  

S6. Battery experiments 

S6.1. Solid-state Li-air battery assembly and test 

The battery cells were assembled in an Ar-filled glovebox with controlled O2 and H2O levels 

less than 1 ppm. A custom-made split lithium-air battery cell (MTIXTL) with 2 needle valves and 

a pressure gauge to control the pressure of the battery cell was used with a high purity lithium chip 

as the anode and the prepared CPE by Section S1 as the solid electrolyte. A 1 cm2 hydrophobic 

gas diffusion layer (GDL, thickness = 454 µm, specific area ~ 250 g/m2, MTIXTL) was used as 

the air breathing cathode substrate, which was air-brushed (Speedaire, nozzle size = 0.013 in) with 

the Mo3P ink, consisting of tri-molybdenum phosphide (Mo3P) nanoparticles supported on XC-

72R (44) dispersed in ethanol, at a total weight of 0.1 mg/cm2. It is worth noting that the battery 

assembly for battery cycling experiments and characterization experiments were prepared in two 

ways as follows: 
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(i) For battery cycling experiments: The CPE was casted directly on the coated side of the GDL 

with Mo3P ink for improved and uniform electrode-electrolyte surface contact. Once dried 

as explained in Section S1, the Li metal was placed, at the other side of the cathode-

electrolyte assembly, and it was heated at 50 °C for 5 minutes. The cell assembly was then 

pressed together (200 kg/cm2) between two stainless steel plates as holders using a crimping 

machine (GN-CCM20, GELON). 

(ii) For characterization experiments: For characterization experiments on the cathode, the ex-

situ Raman spectroscopy experiments, the quantification experiments (acid-base titration and 

UV-Vis), and the SEM experiments, we used solid electrolyte discs that were casted on a 

polypropylene petri dish and then separated as explained in Section S1. Then, the cathode 

and anode were placed at each side of the CPE, and the whole cell assembly was heated for 

50 °C for 5 minutes. The cell assembly was then pressed together (200 kg/cm2) between two 

stainless steel plates as holders using a crimping machine (GN-CCM20, GELON). This 

allows easier disassembly of the cell components for these characterization experiments. 

As explained above, for the battery run experiments, direct casting of the CPE on the Mo3P 

loaded GDL (method (i)) is used to ensure a good surface wetting and contact between the two. 

However, investigating the performance of battery cells requires conducting characterization 

techniques at the cathode surface such as Raman spectroscopy, SEM, and TEM imaging. It is 

impossible to peel off the directly casted CPE samples from the Mo3P loaded GDL without 

destroying the samples and possibly resulting in inconclusive characterization observations. Thus, 

we used method (ii), that allows for easier disassembly of the cell components for these 

characterization experiments. Although it is possible that there are differences in the performance 
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of the cell using the two techniques, however, from testing, the differences in the cell performance 

were found to be nearly negligible when the preparation procedures are followed as explained.  

The battery cell was then transferred out of the glovebox with valves closed at all times to avoid 

any contamination. The battery cell was first flushed with high purity Ar for 5 minutes to remove 

any trace impurity and then filled with an air-like stream to a relative pressure of 0.1 MPa. The 

simulated air atmosphere composition was 78% N2, 21% O2, water (H2O, relative humidity (RH) 

of ~45%), 500 ppm carbon dioxide (CO2) (44). 

The cycling performance of the battery cell was tested using a battery analyzer (MTIXTL) at a 

constant current density of 0.1 mA/cm2
 for 1 h during each discharge/charge process (Fig. 3). 

Based on the Equation S4, the applied current density and specific capacity of the battery cell per 

mass of the cathode material loading (𝑊𝑐𝑎𝑡) are 1 A/gcat and 1 Ah/gcat, respectively. 

specific capcity (
Ah

gcat
) = current density (

A

gcat
) × 1 h  (Equation S4) 

Wcat = 0.1
mg

cm2
, GDL surface area = 1cm2, current density = 0.1 mA → 

current density = 1
A

gcat
,    specific capacity =  1

Ah

gcat
  

S6.2. Solid-state Li-air battery rate capability experiments 

We investigated the performance of the developed solid-state Li-air battery at different current 

densities up to a capacity of 0.5 mAh/cm2 (5000 mAh/g) for charge and discharge processes 

(different C rates, e.g., 1C, 2C, 3C, and 5C). To conduct this experiment, identical Li-air battery 

cells, as explained in Section S6.1, were cycled at current densities of 0.2, 0.3, and 0.5 mA/cm2 

(corresponding to 2C, 3C, and 5C rates, respectively) and their voltage profiles were compared 

with that of Li-air battery cell with the current density of 0.1 mA/cm2 (1 A/g). The capacities of 

these batteries were maintained constant at 0.5 mAh/cm2 (5000 mAh/g) by cycling these batteries 
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for different periods of time during the charge and discharge processes according to Equation S4. 

The voltage profiles of the Li-air battery cells are shown in Fig. S8A. As shown in this figure, the 

polarization gap of these battery cells increases with the increase in the applied current densities. 

For instance, the polarization gap at the first cycle for the Li-air battery cell cycled at 1C (~158 

mV) is lower than that of batteries cycled at 2C (213 mV), 3C (267 mV), and 5C (591 mV) rates, 

respectively (Fig. S8B).  

We also investigated the full capacity of the solid-state Li-air battery cell by conducting deep 

discharge-charge experiments at different C rates. To do so, identical battery cells as explained in 

Section S6.1 were assembled and discharged at 1C, 2C, 3C, and 5C rates with a cut-off voltage of 

2.5 V vs. Li/Li+. Our results indicate that the developed solid-state Li-air battery cell shows a 

capacity of ~10.4, 8.63, 8.04, and 7.6 mAh/cm2 at 1C, 2C, 3C, and 5C rates, respectively, 

indicating a partial capacity loss at higher rates (Fig. S9). 

S6.3. Energy density calculation 

Reported energy densities and capacities of Li-air (and Li-O2) batteries vary widely, typically 

several times larger than those obtained in Li-ion batteries (5, 6, 44, 45, 64–67). This is due to 

different methods used to normalize these values such as normalization by considering either one 

or more components of batteries such as cathode, active nanoparticles, carbonaceous materials, 

full cell, etc. For Li-ion batteries, however, the entire active materials and inactive components, 

such as the binder and carbon, are taken into account for capacity and energy density calculations 

(68, 69). To obtain meaningful values, oxygen coming from the air in Li-air batteries should also 

be considered as the active material due to the oxygen reduction reaction (ORR), resulting in 

accumulation of certain discharge products at the end of the discharge process (70). 



13 

 

In order to have a more realistic view of the energy density of the solid-state Li-air battery, we 

have also included the active material, Li2O discharge product, CPE, and a commercially available 

Li metal anode (0.1 mm thickness) for energy density calculations. Note that our calculation is 

based on the deep discharge performance of our solid-state Li-air battery at the 1C rate (1000 mA/g 

or 0.1 mA/cm2). Fig. S10 shows the deep discharge–charge performance of the solid-state Li-air 

battery at 1C rate, having a capacity of ~10.4 mAh/cm2. The abrupt capacity observed in this 

experiment is likely due to the space between the cathode and the CPE being used up, leading to 

the failure of the SRI to function for discharge. This suggests that modification of the morphology 

of the cathode to increase “space” while maintaining adequate contact/proximity with the CPE 

might result in a discharge product that maintains the SRI longer and runs to a larger capacity. 

Table S1 shows the mass of different components in our specific energy calculations. The 

amount of Li2O discharge product is based on the quantification technique explained in Section 

S8. Based on this information, a 1 cm2 solid-state Li-air battery cell has a mass of 42.67 mg with 

solid electrolyte (CPE) identified as the largest factor (~75%) contributed to the overall mass (Fig. 

S11A). Thus, design and optimization of the solid-state electrolyte is the most important step in 

improving the energy density as well as achieving a larger capacity.   

We then used Equations S4-5 to calculate the capacity and specific energy of the solid-state Li-

air battery. 

specific energy  (
Wh

gcell
) = specific capacity (

Ah

gcell
) × potential (V)  (Equation S5) 

Our calculations indicate a specific capacity of 242.75 Ah/kgcell and a specific energy of ~685 

Wh/kgcell considering an average discharge potential of 2.82 V with a total mass of 42.67 mg 

including the cathode material loading, solid electrolyte, commercial Li metal anode, and the 
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formed Li2O for the solid-state Li-air battery cell. Our analysis also indicates that the developed 

solid-state Li-air battery cell is capable of achieving a projected specific energy of greater than 1 

kWh/kg with optimization of components more specifically the solid-state electrolyte. Similarly, 

the volumetric energy density of the solid-state Li-air battery cell was calculated to be ~614 

Wh/Lcell considering a total volume of 47.5 µL (including the cathode, solid electrolyte, 

commercial Li metal anode, and the formed Li2O) for a 1 cm2 battery cell that is projected to be 

greater than 1000 Wh/L with the cell optimization (Fig. S11B).    

S6.4. Higher cathode material loading investigation 

We investigated the effect of higher cathode material loading (thicker cathodes) on the 

performance of the solid-state Li-air battery cell. A cathode material loading of 5.0 mg/cm2 was 

used. A 1 cm2 hydrophobic GDL was coated with the ink made up of Mo3P nanoparticles 

synthesized on a XC-72R substrate dispersed in ethanol to make a thicker cathode material. The 

mass of the coated GDL disc was measured precisely after coating with the Mo3P ink and then 

vacuum dried at 100 °C to reach a cathode material loading of 5.0 mg/cm2. Two values for the 

applied current were used to assess the performance of the thicker electrode. In the first case (Figs. 

S12A and B), an areal current density of 0.1 mA/cm2 was used to maintain the same loading of 0.1 

mg/cm2 used in Fig. 3B. In the second case (Fig. S12C), an areal current density of 5.0 mA/cm2 

was used to keep the mass-normalized current density at 1 A/g (1000 mA/g,) the same as the mass-

normalized current density used for the 0.1 mg/cm2 mass loading in Fig. 3B.  

The results for two 5 mg/cm2 runs with different areal current densities are shown in Figs. S12A 

and B along with comparisons to the 0.1 mg/cm2 results. For the first case, 5 mg/cm2 loading with 

an areal current density of 0.1 mA/cm2, the cell was run for 20 cycles at an areal capacity of 0.5 

mAh/cm2. The results in Fig. S12A indicate that it cycles well, similar to the low loading cathode 
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(Fig. 3B), with only a slightly larger polarization gap probably due to being run with a larger areal 

capacity or to not as good O2 transport through the much thicker cathode. Similarly, as shown in 

Fig. S12B the 5 mg/cm2 loading gives the same deep discharge performance (>10 mAh/cm2 areal 

capacity) as the 0.1 mg/cm2 loading (Figs. S9 and 10).  In the second case based on a mass-

normalized current density of 5 mA/cm2, the cell does poorly (Fig. S12C) because the areal current 

density is very high, i.e., 10 times that of the largest one (5C) used in the investigation of 

dependence on current density (Fig. S8).  

Therefore, when the areal current density (0.1 mA/cm2) is the same the two loadings (0.1 and 5 

mg/cm2) for the Li-air cells give similar performance, whereas for mass-normalized current density 

the very high areal current density (5 mA/cm2) that is required results in early failure for high mass 

loading (5 mg/cm2).  This is consistent with the surface area for discharge product deposition being 

a key factor in performance of the Li-O2 cells as opposed to Li-ion cells where thick cathodes (high 

mass loading) are needed for Li ion intercalation. These results demonstrate that optimal surface 

area as opposed to unused cathode mass will be a key consideration for scaling up of the solid-

state Li-air cells as has been demonstrated in a scale-up study of a Li-O2 cell with a liquid 

electrolyte (71).  

S6.5. Solid-state Li-air battery cell with carbon-based cathode 

The role of the Mo3P cathode material in the solid-state Li-air battery cell is as an electronic 

conductor to provide electrons to the SRI as shown in the Fig. 5J and Fig. S33. It thus has to be a 

reasonably good electronic conductor. We investigated the performance of the solid-state Li-air 

battery cell with carbon XC-72R as the cathode material and no Mo3P nanoparticles. Since this 

carbon has better electronic conductivity than Mo3P, the test can help ascertain the role of the 

electronic conductivity. A cathode loading of 0.1 mg/cm2 was used for the XC-72R based cathode. 
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The solid-state Li-air battery cell was assembled and tested as for the Mo3P cathode in Section 

S6.2. Fig. S13 shows the cycling performance of the solid-state Li-air battery cell using the XC-

72R cathode. The cell cycles very well with a fairly small and constant polarization gap (~0.5 V) 

up until the cell was intentionally stopped. Although the voltage profiles (Fig. S13) are somewhat 

different from the cell with the Mo3P as the cathode material (Fig. 3B), use of carbon as an 

electrode in the solid-state battery performs very well. . 

S7. In-situ and ex-situ Raman spectroscopy experiments 

The in-situ Raman spectroscopy experiments were carried out using a Horiba LabRAM HR Evo 

Confocal Raman. A 532 nm laser source and 600 g/mm grating were used to probe the samples. 

The measurement parameters such as acquisition time, averaging parameters, and laser power were 

all optimized to enhance the signal-to-noise ratio of the spectra. First, the Raman laser was focused 

onto the surface of the working electrode through a transparent quartz window (thickness of 0.2 

mm). Next, the discharge process was carried out by connecting the battery cell to a battery 

analyzer at a current density of 1 A/g. The Raman spectra at different time intervals were recorded 

during the discharge process, as shown in Fig. 4A. Our in-situ Raman spectroscopy results during 

all times at the discharge process indicate the evolution of three new peaks compared to the pristine 

cathode sample before the discharge process that are relevant to the formation of Li2O (~528 cm-

1), Li2O2 (~788 cm-1), and LiO2 (~1125 cm-1) species (6, 9, 44, 45). There is also no evidence 

relevant to the presence of either Li2CO3 or LiOH. To investigate the changes in the intensities of 

the observed peaks, we then calculated the relative Raman peak intensity for each LiO2, Li2O2, 

and Li2O as shown in Fig. 4B (6). These results indicate that the relative peak intensity for Li2O 

increases at a monotonous trend during 1 hour of discharge process, whereas the relative peak 
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intensities for LiO2 and Li2O2 slightly increase during the initial time intervals followed by a 

constant plateau during the rest of the discharge process. 

We also performed in-situ Raman spectroscopy experiments during the first charge process of 

the solid-state Li-air battery cells at the current density of 1 A/g at different time intervals (0, 15, 

30, 45 and 60 minutes) to observe the changes in the peaks relevant to the LiO2, Li2O2, and Li2O 

discharge products and to further examine their reversibility. The Li-air battery cell assembly was 

carried out similar to the in-situ Raman spectroscopy experiments for the discharge process. Prior 

to the experiments, the Li-air battery cell was discharged to a capacity of 1 Ah/g at a current density 

of 1 A/g. Our results for the first charge process are shown in Fig. S14A. As shown in this figure, 

the peak intensity relevant to that of Li2O species (~528 cm-1) decays as the charge process 

proceeds to the full capacity at almost a constant rate where at the end of the charge process (the 

Raman spectrum for the 60 minutes), no peaks corresponding to Li2O can be detected. Moreover, 

during the first 15 and 30 minutes of the charge, our results indicate that the amount of available 

Li2O2 and LiO2 (~788 cm-1 and ~1125 cm-1) becomes smaller with the time where there is no 

evidence of Li2O2 and LiO2 in the Raman spectra of the 45 and 60 minutes charge process. Based 

on our observation from the in-situ Raman spectroscopy experiments for the charge process, we 

suggest a two-phase charge process wherein the phase (I), three components coexist and are 

decomposed simultaneously, and in the phase (II), only Li2O species is left which decomposes to 

Li2-xO2 and these intermediates instantaneously decompose to Li+. This is also in agreement with 

the relative Raman peak intensities measured shown in Fig. S14B. Moreover, we did not observe 

any peaks related to that of Li2CO3 and LiOH species during the decomposition of the discharge 

products at the first charge process, meaning that the formed products during the discharge process 

are fully reversible upon the charge process. 
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To gain insight to the formation of these discharge products and their potential chemical 

interactions, we performed Raman spectroscopy experiments on both fresh and aged discharged 

cathode samples under different conditions. Identical Li-air battery cells (Section S6.1) were first 

discharged at a current density of 1 A/g and a capacity of 1 Ah/g. Next, without disassembling the 

Li-air battery cells, samples were aged for different periods (1 day and 5 days) under Ar and 

vacuum environments. The prepared cathode samples were as follows: 

1. Fresh discharged sample – was extracted in an Ar-filled glovebox, sealed in a custom-made 

sample holder glass slide, transferred for the Raman spectroscopy experiments. 

2. Aged discharged sample 1 – was stored inside the Li-air battery cell, where the cell was 

purged and filled with ultra-high purity Ar. After 1 day being aged under Ar environment, 

the cathode was extracted in an Ar-filled glovebox, sealed in a custom-made sample holder 

glass slide, transferred for Raman spectroscopy experiments. 

3. Aged discharged sample 2 – was stored inside the Li-air battery cell, where the cell was 

purged and filled with ultra-high purity Ar. After 5 days of being aged under Ar environment, 

the cathode was extracted in an Ar-filled glovebox, sealed in a custom-made sample holder 

glass slide, transferred for Raman spectroscopy experiments. 

4. Aged discharged sample 3 – was stored inside the Li-air battery cell, where the cell was 

purged with ultra-high purity Ar and then vacuumed. After 1 day of being aged under vacuum 

environment, the cathode was extracted in an Ar-filled glovebox, sealed in a custom-made 

sample holder glass slide, transferred for Raman spectroscopy experiments. 

5. Aged discharged sample 4 – was stored inside the Li-air battery cell, where the cell was 

purged with ultra-high purity Ar and then vacuumed. After 5 days of being aged under 
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vacuum environment, the cathode was extracted in an Ar-filled glovebox, sealed in a custom-

made sample holder glass slide, transferred for Raman spectroscopy experiments. 

Our intention to age the batteries was to investigate whether the LiO2 content available at the 

discharged cathode disproportionate to Li2O2. Our results indicate that the signature Raman peak 

intensities associated with the LiO2 (at 1125 and 1510 cm-1) decrease with the time while the 

Raman peak intensity for Li2O2 is increased under both Ar and vacuum with slower 

disproportionation reaction under Ar compared to vacuum environment (Fig. S15). More 

importantly, as shown in Fig. S15B, the Raman peak intensities relevant to LiO2 are completely 

disappeared after 5 days ageing under vacuum. These results further indicate that the LiO2 

disproportionation to LiO2 is favorable with the time. This is in agreement with previously reported 

results in the literature where the disproportionation of LiO2 to Li2O2 was found to be favorable 

with the time when LiO2 is near the surface of the discharge product, suggesting formation of a 

bilayer LiO2/Li2O2 which further act as a reaction interphase for nucleation and growth of Li2O as 

the major product. (46) 

S8. Quantification of discharge products at the first cycle 

S8.1. Acid-base titration experiments 

To quantify the possible products formed during the first discharge process (LiO2, Li2O2, and 

Li2O), we first performed acid-base titration experiments at different time intervals (10, 20, 30, 40, 

50, and 60 minutes) of the discharge process at a current density of 1 A/g and a capacity of 1 A/g 

(5, 6, 9, 47). The acid-base titration experiments are based on the formation of lithium hydroxide 

(LiOH) due to the favorable reaction of LiO2, Li2O2, and Li2O with water, as shown in Equations 

S6-8. 

LiO2 + 0.5H2O → 0.75 O2 + LiOH LiOH/LiO2 = 1 (Equation S6) 
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Li2O2 + 2H2O → H2O2 + 2LiOH LiOH/Li2O2 = 2 (Equation S7) 

Li2O + H2O → 2LiOH  LiOH/Li2O = 2 (Equation S8) 

The LiOH formed in these reactions can be titrated using a standardized hydrochloric acid (HCl) 

solution to form lithium chloride (LiCl) and water. 

To conduct these experiments, identical Li-air battery cells, as explained in Section S6.1, were 

discharged at a current density of 1 A/g and different periods (10, 20, 30, 40, 50, and 60 minutes). 

The discharged cathodes and the solid electrolytes were extracted from the solid-state Li-air battery 

cells in an Ar-filled glovebox with the O2 and H2O levels less than 1 ppm. The reason behind using 

the CPE of each battery cell in these experiments was to collect full information about the possibly 

deposited species at the CPE. The cathode and the CPE samples were transferred into a glass vial 

filled with 4 mL DI water immediately. Next, we performed 10 minutes of ultrasonication on each 

sample to promote the reactions in Equations S6-8. The resulting LiOH base was titrated with the 

standard HCl solution (1 mM) using a micropipette with the color change endpoint indicated by 

phenolphthalein as the indicator. The calibration curve for the acid-base using phenolphthalein 

indicator (Fig. S16) was used to measure the amount of LiOH formed from each sample (Table 

S2). The calibration curve was constructed by reading the amount (µL) of standard 1 mM HCl 

solution at the color change endpoint when added to samples with different amounts of LiOH. 

S8.2. Ultraviolet-Visible spectroscopy experiments 

Next, ultraviolet-visible (UV-Vis) spectroscopy experiments were performed to calculate the 

amount of Li2O2 formed during the discharge process at a current density of 1 A/g and a capacity 

of 1 Ah/g at different periods (10, 20, 30, 40, 50, and 60 minutes). In this procedure, the Li2O2 

content present at both the cathode and the CPE was calculated based on its reaction with the acidic 
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solution of titanium (IV) oxysulfate (TiOSO4, 15% sulfuric acid (H2SO4), Sigma-Aldrich) as 

shown in Equations S9-10. 

Li2O2 + 2H2O → 2LiOH + H2O2  (Equation S9) 

H2O2 + TiOSO4 → TiO2SO4 + H20 (Equation S10) 

If any hydrogen peroxide (H2O2) is present in the samples, the TiO2SO4 complex will be formed 

with a color change to yellow that can be detected by the absorption peak at ~410 nm. Three 

reasons were considered with the use of this method: (i) this method is well-established for 

determining the H2O2 content formed with the reaction of organic peroxides, Li2O2, sodium 

superoxide (NaO2), and potassium superoxide (KO2) while avoiding interference from dissolved 

O2 at low peroxide levels, (ii) this method uses a strong acidic solution, it will neutralize any LiOH 

(i.e., Equation S9) and thus, the acidity of the solution does not affect the H2O2 detection, and (iii) 

only Li2O2 available in the samples can be traced back (Equation S9) in these experiments as the 

Gibbs free energies for the hydrolysis of LiO2 and Li2O to H2O2 are not favorable according to the 

literature. 

First, we constructed a calibration curve using 0.5 mL of diluted H2O2 samples (0 to 1 µmol, 30 

wt.% in H2O, Sigma-Aldrich) with 0.5 mL of standard TiOSO4 solution (15 wt.% in H2SO4, 

Sigma-Aldrich) in a PMMA cuvette followed by ultrasonication for 10 minutes to promote the 

reaction until a yellow color was observed. The UV-Vis spectra for different samples and the 

corresponding calibration curve are shown in Fig. S17. 

Next, identical Li-air battery cells, as explained in Section S6.1, were discharged at a current 

density of 1 A/g and different periods (10, 20, 30, 40, 50, and 60 minutes). The discharged cathodes 

and the solid electrolytes were extracted from the Li-air battery cells in an Ar-filled glovebox with 

the O2 and H2O levels less than 1 ppm. Samples were transferred into a PMMA cuvette filled with 
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standard TiOSO4 solution immediately. We then performed 10 minutes of ultrasonication on each 

sample to promote the reaction in Equations S9-10, resulting in a yellow-colored solution, and 

recorded the corresponding UV-Vis spectrum. Using the calibration curve in Fig. S17B and the 

absorbance peak at ~410 nm in each sample (Fig. S18A), we then calculated the amount of Li2O2 

in each sample, given that the molar ratio of Li2O2 to H2O2 is equal to 1. As shown in Fig. S18B, 

an average of ~0.032 µmol of Li2O2 is formed during the discharge process of the developed solid-

state Li-air battery cell at a current density of 1 A/g. Moreover, these results agree with our in-situ 

Raman spectroscopy experiments where Li2O2 content was shown to be constant during the 

discharge process. 

S8.3. Ultraviolet-visible spectroscopy experiments for aged samples 

We then used the similar method developed in Section S8.2 to investigate the aged samples under 

vacuum environment for 5 days according to our Raman spectroscopy experiments in Section S7 

(Fig. S15B). The difference in these experiments with those in Section S8.3 is that the discharged 

solid-state Li-air battery cells for different periods (10, 20, 30, 40, 50, and 60 minutes) were 

vacuumed, and then aged inside the Ar-filled glovebox for 5 days. As previously discussed, upon 

ageing the batteries under vacuum environment for 5 days, the LiO2 content at the cathode and the 

solid electrolyte converts to Li2O2 via disproportionation reaction.  

Using this rationale, we attempted to age the discharged cathodes for 5 days under vacuum 

environment to promote the conversion of LiO2 content to Li2O2 visa disproportionation reaction. 

Then, we performed the similar UV-Vis experiments in Section S8.2 for the aged samples and 

measured the amount of Li2O2 in each sample. Fig. S19 shows the UV-Vis spectra of the aged 

samples at 10, 30, and 60 minutes compared to the fresh samples for the reference. 
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Next, given that in the disproportionation reaction of LiO2, the molar ratio of LiO2/Li2O2 is equal 

to 2, we used the difference between the Li2O2 in the aged samples and the fresh samples to 

calculate the amount of LiO2. Finally, using the values for Li2O2 and LiO2 by the UV-Vis 

experiments (Sections S8.2 and S8.3) and the summation of LiO2, Li2O2, and Li2O content in 

Section S8.1, we quantified the Li2O formed in each sample as shown in Fig. S20. 

Our quantitative analysis of the discharge products indicates that the amount of the LiO2 and 

Li2O2 compared to Li2O is by two orders of magnitude lower at all times, meaning that the majority 

of the products formed during the discharge is comprised of Li2O formed in a nearly four-electron 

transfer electrochemical reaction. We also found that the amount of formed LiO2 (0.023 µmol) and 

Li2O2 (0.032 µmol) remain constant during the discharge process, whereas the Li2O content 

constantly increases over 60 minutes of the discharge process. Moreover, these results confirm our 

in-situ Raman spectroscopy experiments, suggesting that the deviation of the e-/O2 (3.96) from the 

theoretical value (e-/O2 = 4) is due to the trace formation of LiO2 and Li2O2 during the discharge 

process. 

Finally, since the amount of LiOH formed in each sample accounts for all the LiO2, Li2O2, and 

Li2O species, we used the obtained information and molar ratios between LiOH and O2 with 

different species (Equations S6-8 and S11-15) to back-calculate the amount of O2 that was 

consumed during the discharge. 

Li + O2 → LiO2 LiO2/O2 = 1  (Equation S11) 

2Li + O2 → Li2O2 Li2O2/O2 = 1  (Equation S12) 

4Li + O2 → 2Li2O Li2O/O2 = 0.5 (Equation S13) 

nLiOH = 2nLi2O + 2nLi2O2
+ nLiO2

  (Equation S14) 

nO2
= 0.5 nLi2O + nLi2O2

+ nLiO2
  (Equation S15) 
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Then, using the calculated mols of O2 consumed during the discharge process, we calculated the 

number of electrons to oxygen (e-/O2) transferred during the discharge process for different periods 

of time using Equation S16. 

e−

O2
=

mols of electron

mols of O2
=

current density ×time 

F 

mols of O2from acid−base titration experiments
   (Equation S16) 

The measured e-/O2 ratios are listed in Table S3, indicating an average e-/O2 of 3.96 during the 

discharge process at a current density of 1 A/g and a capacity of 1Ah/g. This value suggests that 

the discharge product of the developed solid-state Li-air battery cell is predominantly Li2O formed 

in a nearly four-electron transfer electrochemical reaction. 

S9. Ex-situ differential electrochemical mass spectroscopy experiment for the discharge 

process 

A Hiden HPR-40 differential electrochemical mass spectroscopy (DEMS) membrane inlet mass 

spectrometer (MIMS) was used to precisely determine the e-/O2 transferred during the discharge 

processes of the developed solid-state Li-air battery cell. The solid-state Li-air battery cell 

assembly was carried out as explained in Section S6.1. The O2 signal of the DEMS instrument was 

calibrated using a custom-made sample loop with known volumes, i.e., 0.02, 0.05, 0.1, and 0.25 

mL. Details of the calibration process are fully discussed in our previous publications (5, 44, 45). 

The corresponding moles of O2 in each sample is calculated using the governing standard 

temperature and pressure condition, where 1 mole of gas has a volume of 22.4 L at a pressure of 1 

atm as summarized in Table S4. The calibration curve for the DEMS instrument is also shown in 

Fig. S21. 

The battery cell was connected to the DEMS instrument using a custom-made 3-valve stainless 

steel connection, and the whole setup was purged with Ar to remove any contaminations. In the 

meantime, the O2 signal of the DEMS was monitored until it reached a steady-state value after an 
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hour. Next, the valve connecting the battery cell to the stainless steel stream and the DEMS 

instrument was closed. The solid-state Li-air battery cell was then filled with the air-like stream to 

a relative pressure of 0.1 MPa. Once filled, the valve was opened to allow for the detection of 

evolved O2. The O2 signal was then increased, indicating a peak as shown in the inset in Fig. 4C 

(blue line). The calculated mols of O2 here are referred to as the mols of O2 before the discharge 

process. Next, the battery cell was connected to the battery analyzer, and a discharge current 

density of 1 A/g was applied until a capacity of 1 Ah/g was achieved. A similar process was 

repeated (red line in the inset in Fig. 4C), and the mols of O2 upon the discharge process were 

calculated using the calibration curve in Fig. S21. The difference between the mols of O2 after and 

before the discharge process was measured and used in Equation S17 to calculate the e-/O2 during 

the discharge process at the first cycle.  

e−

O2
=

current density ×time 

F 

mols of O2 consumed
   (Equation S17) 

Our ex-situ DEMS experiment indicates that an e-/O2 ratio of 3.97 is consumed during the 

discharge process, which is in agreement with our titration and UV-Vis experiments. These results 

suggest that the Li2O is the major product formed during the discharge process in a nearly four-

electron transfer electrochemical reaction. 

S10. In-situ differential electrochemical mass spectroscopy experiment for the charge 

process 

To precisely determine the e-/O2 transferred during the charge processes of the developed Li-air 

battery, we carried out in-situ DEMS experiments using a custom-designed Swagelok battery cell 

(EQ-STC-LI-AIR, MTIXTL) (44). The Li-air battery cell assembly was carried out as explained 

in Section S6.1 and was discharged at a current density of 1 A/g and a capacity of 1 Ah/g before 

running the in-situ DEMS experiments. The battery cell was then connected to the DEMS 
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instrument using the same setup and flushed for 15 minutes with Argon while the DEMS 

instrument was running to remove all gas impurities and contaminations. The Li-air battery cell 

remained connected to the DEMS until the O2 signal reached a steady-state condition after an hour.  

The Li-air battery cell was next charged at a current density of 5 A/g (0.5 mA/cm2) for 12 minutes 

(resulting in the same capacity of 1 Ah/g). During the charge process, DEMS signals 

corresponding to O2, H2O, and CO2 were monitored, as shown in Fig. 4D in the manuscript. The 

area under the curve of pressure-time was measured, and the corresponding mols of O2 were 

extracted from the calibration curve shown in Fig. S21. We also did not observe any change in the 

H2O and CO2 signals. Next, the e-/O2 during the charge process was calculated using Equation 

S18, indicating an e-/O2 ratio of 3.94 corresponding to the reversible decomposition of Li2O in the 

solid-state Li-air battery cell. 

e−

O2
=

current density ×time 

F 

mols of O2 evolved
   (Equation S18) 

S11. X-ray diffraction experiments on the charged/discharged cathodes 

X-ray diffraction (XRD) experiments for the charged and discharged cathodes at different cycles, 

i.e., 1, 50, 100, and 200, were recorded to identify the type of the discharge products and their 

reversibility upon the charge process by comparing their diffraction pattern with the pristine 

cathode sample. All Li-air battery cells were assembled identically and charged/discharged at the 

same current density and capacity as explained in Section S6.1. All samples were extracted from 

Li-air battery cells in an Ar-filled glovebox with the O2 and H2O levels less than 1 ppm. Next, the 

samples were sealed in an Ar-filled glovebox using a glass slide holder and Kapton tape owing to 

its high transmittance to X-ray. Moreover, samples were handled in a sealed glass bottle under Ar 

atmosphere to avoid contamination. Diffraction patterns were collected by a RIGAKU ATX-G 

thin film diffraction workstation that uses a nickel (Ni)-filtered copper (Cu) Kα anode, a multilayer 
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optic monochromator, and a high-count-rate scintillation detector over the range 30° < 2θ < 60° 

with a step size of 0.1° and a 3°/min scanning speed. The XRD patterns for the charged and 

discharged cathodes are shown in Fig. 4E. Our XRD experiments for the discharged cathodes of 

different cycles indicated the evolution of only two peaks at 33.8° and 56.3° 2θ that are relevant 

to the Li2O crystalline planes of (111) and (022), respectively (6, 9). This is while no other peaks 

associated with LiO2 and Li2O2 were observed that could be due to two reasons, (i) the small 

amount of deposited Li2O2 and LiO2 nanoparticles as found by UV-Vis experiments, or (ii) that 

the deposited species are amorphous rather than having a crystalline form. Upon the following 

charge, the Li2O peaks were disappeared, meaning that the Li2O nanoparticles are reversibly 

decomposed during the charge process. Moreover, we did not find any evidence for formation of 

Li2CO3 and LiOH species in both discharged and charged cathodes of different cycles. 

S12. Control liquid electrolyte Li-air battery assembly and test 

A liquid electrolyte Li-air battery cell was also constructed as the control Li-air battery cell to 

investigate the battery performance and its discharge product. In this regard, we used a similar cell 

assembly and test parameters as explained in Section S6.1, where we used a separator soaked with 

a liquid electrolyte instead of the CPE as the solid electrolyte. In detail, a Whatman® GF/D Glass 

Microfiber filter (Sigma-Aldrich) was used as the separator which was soaked with 150 μL of the 

electrolyte, of 0.3 M LiTFSI (Sigma-Aldrich, 99.95% trace metal basis) dissolved in a mixture of 

DMSO:EMIM-BF4 with a volumetric ratio of 75:25 and 25 mM of each TEMPO (Sigma-Aldrich, 

98%) and DBBQ (Sigma-Aldrich, 99%) redox mediators (RMs) (44). A high purity Li chip was 

used as the anode and a 1 cm2 hydrophobic gas diffusion layer (GDL, thickness = 454 µm, specific 

area ~ 250 g/m2, MTIXTL) was used as the air breathing cathode substrate, which was air-brushed 

(Speedaire, nozzle size = 0.013 in) with the Mo3P ink, consisting of tri-molybdenum phosphide 



28 

 

nanoparticles supported on XC-72R dispersed in ethanol, at a total weight of 0.1 mg/cm2. The 

voltage profiles for the control Li-air battery cell are shown in Fig. S22A. As shown in this figure, 

the polarization gap at the first cycle (current density of 1 A/g and a capacity of 1 Ah/g) is about 

367 mV that is 7.3 times higher than that of the solid-state Li-air battery cell (50 mV). We also 

investigated the discharge product of the control Li-air battery cell using XRD and SEM 

experiments for the discharged and charged cathodes at different cycles (Figs. S22B-H). As shown 

in this figure, a film-like Li2O2 is the only discharge product of the Li-air battery cell based on the 

liquid electrolyte which is reversibly decomposed during the charge processes. 

S13. Atomic force microscopy experiments for the pristine cathode 

To view the pristine cathode in a 3D realistic environment, we carried out atomic force 

microscopy (AFM) with use of a Bruker/Digital Instrument Dimension 3100 system at ambient 

condition. The cathode was imaged with a Si tip under tapping mode at several different spots. 

Selective AFM images are shown in Fig. S23. 

S14. Scanning electron microscopy experiments for the discharged/charged cathodes 

In order to obtain information on the morphology of the cathode after discharge and charge 

processes, SEM experiments were performed using a JEOL JSM-IT500HR SEM. Imaging was 

performed at 15 kV for the pristine cathode and 5 kV for the discharged and charged cathode 

samples. The SEM images were obtained with moveable objective aperture (60µm) in SE mode. 

To do this, identical solid-state Li-air battery cells were assembled as explained in Section S6.1. 

The discharged cathode was prepared by discharging a solid-state Li-air battery cell at a current 

density of 1 A/g for 1 hour. The charged cathode was prepared by charging a similarly discharged 

battery cell at a current density of 1 A/g for 1 hour. The cathode samples were extracted inside a 

Ar-filled glovebox with controlled humidity and O2 levels below 1 ppm and were then washed 
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with dimethyl carbonate (DMC, anhydrous, Sigma-Aldrich). The cathode samples were stored in 

sealed vials under Ar atmosphere and were quickly transferred into the SEM chamber to avoid any 

contamination. Additionally, we performed SEM imaging experiments on a pristine cathode 

sample for comparison with the discharged and charged cathode samples as shown in Figs. S24-

25 and Figs. 5A-B. 

Fig. S24 shows the surface as well as the distribution of the Mo, P, and C atoms at the pristine 

cathode, indicating a hill/valley-like morphology.  

As shown in Figs. S25A-B, the SEM image of the discharged cathode sample shows the 

formation of a continuous layer with few cracks at the valleys (blue arrow), which we correlate to 

the Li2O species based on our previous results from the DEMS, Raman, and XRD experiments. 

Moreover, Fig. S25B shows pores that are open to air flow (red arrows). However, the SEM image 

of the recharged cathode sample (Fig. S25C) indicates that the structure and hill/valley-like 

morphology of the Mo3P nanoparticles have remained intact (Figs. S24A-B) and that the discharge 

products are reversibly decomposed during the charge process. 

S15. Raman mapping experiments for the discharged cathode 

To study the distribution of the Mo3P nanoparticles and the discharge products, we carried out 

Raman mapping experiments for the discharged cathode of the solid-state Li-air battery at the 

current density of 1 A/g and the capacity of 1 Ah/g. To do so, the discharged cathode of the Li-air 

battery (Section S6.1) was extracted inside the Ar-filled glovebox with controlled humidity and 

O2 levels below 1 ppm and stored and sealed in a vial. 

The Raman spatially resolved maps were obtained using a Horiba LabRAM HR Evo Confocal 

Raman equipped with a motorized sample stage from Marzhauser Wetzlar. a 532 nm laser source, 

a 100X LWD objective, and 600 g/mm grating. The measurement parameters such as acquisition 
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time, averaging parameters, and laser power were all optimized to enhance the signal-to-noise ratio 

of the spectra. The regions from 460 to 600 cm-1 and 760 to 800 cm-1 were assigned to Li2O and 

Li2O2, respectively. Moreover, regions from 170 to 370 cm-1 and 1300 to 1650 cm-1 were assigned 

to Mo3P nanoparticles and the carbonaceous GDL, respectively. The 2D and 3D Raman maps are 

shown in Figs. 5D-F with the optical image shown in Fig. 5C. Our results indicate that Li2O and 

Li2O2 are uniformly located in the valleys and on the sides of the valley. In addition, the bar-mode 

3D Raman maps indicate an average lower Raman peak intensity for Li2O2 compared to Li2O. We 

attribute this to either the smaller amount of Li2O2 compared to Li2O, as suggested by the 

quantification results in Section S8, or that the Li2O2 layer is located below the Li2O nanoparticles. 

We also did not observe presence of any LiO2 species, which is most likely due to the sample 

ageing effect as suggested by our Raman ageing experiments in Section S7. 

The Raman mapping results for the similarly prepared fresh sample (Fig. S26), however, shows 

the presence of all three Li-species (Li2O, Li2O2, LiO2) at the discharged cathode. 

S16. Computational study 

S16.1. Disproportionation calculations 

We carried out density functional calculations to determine energies for the disproportion of two 

Li2O2 molecules to form Li2O and an O2 molecule, i.e, 2Li2O2 → 2Li2O + O2. The calculations 

were done with the B3LYP density functional and the 6-31G (2df,p) basis set. They involved 

optimization of geometries. The reaction is uphill by 1.6 eV from the B3LYP energies, and the 

free energy is endergonic by 1.1 eV. Therefore, the disproportionation pathway to Li2O (pathway 

II in Fig. 1) is not likely. This is also confirmed by the Raman results in which the discharge 

product was aged in vacuum (Section S7, Supplementary Materials). The LiO2 Raman peak 

decreased with ageing and Li2O2 peak increased. There was no evidence for Li2O2 
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disproportionation, which would have meant that the Li2O2 Raman peak would have decreased 

with ageing as it converted to Li2O since it would have been exposed to the vacuum. The results 

for ageing in Ar gave similar results.  

S16.2. O2 adsorption on LiO2 surfaces 

Spin-polarized DFT calculations were carried out using GGA-PBE functional (72) implemented 

in Vienna Ab-initio Simulation Package (VASP) (73). The first Brillouin zone was sampled with 

a k-mesh in Monkhorst-Pack scheme (74). The lattice constants of a LiO2 bulk with orthorhombic 

structure (in Pnnm symmetry) were converged to 2.96 Å, 3.94 Å, and 4.92 Å using a cut-off energy 

of 600 eV and a k-mesh of 16 × 16 × 16, which are consistent with previous report (75). For the 

surface calculations, we use a cut-off energy of 400 eV. A (2 × 2) LiO2 (101) slab was used to 

represent terrace sites of LiO2 crystal structure. The dimension of the slab is 11.49 Å × 7.88 Å ×

 26.64 Å. A vacuum layer with thickness of 15 Å was used to avoid the interactions between two 

slabs. In LiO2 (101), one periodic layer in z direction is consistent with a Li-O-O trilayer. The slab 

includes 40 Li atoms and 80 O atoms corresponding five Li-O-O trilayers. A 3 × 4 × 1 k-mesh 

was used for LiO2 (101) slab. Three (101) structures with different terminations (shown in Fig. 

S27) were tested using fully relaxed slabs. After structure optimization calculations, the 

configurations of Figs. S27A and S27C were converged with almost the same total energies, while 

the configuration of Fig. S27B was 20.9 eV less stable than them. Fig. S27A is a Li-terminated 

LiO2 (101) surface, while Fig. S27C is an O-terminated LiO2 (101) surface. We would use 

structures in Figs. S27A and S27C for the adsorption calculations. 

A (2 × 2) LiO2 (111) slab model was created from the bulk structure with 4 O-Li-O trilayers to 

represent step-edge sites of LiO2 crystal. The slab dimension 9.85 Å × 10.93 Å × 23.02 Å with a 

15 Å vacuum layer in z direction. A Monkhorst-Pack K-point of 4 × 4 × 1 was used for LiO2 (111) 
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slab models. We evaluated five different terminated LiO2 (111) surfaces with fully relaxed slabs, 

which contain 32 Li atoms and 64 O atoms, as shown in Fig. S28. Two most stable surfaces were 

obtained in Figs. S28B and S28D. The total energies of the structures in Figs. S28A, S28C and 

S28E are 12.01 eV, 11.70 eV and 12.01 eV more positive than those in Figs. S28B or S28D. We 

denote the step-edge structures in Fig. S28B as O-terminated, and the ones in Fig. S28D as Li-

terminated. Then we used these two structures for O2 adsorption calculations. 

The different active sites of LiO2 (101) and LiO2 (111) surfaces were evaluated for O2 adsorption. 

The most stable adsorption geometries of O2 on two LiO2 (101) and two LiO2 (111) surfaces were 

displayed in Fig. S29. On Li-terminated LiO2 (101), O2 binds on the bridge site of two Li atoms 

(Fig. S29A). The adsorption energy is calculated as -0.69 eV. For O-terminated LiO2 (101) surface, 

there is no direct valance bonds formed between O2 and LiO2 (101) surface (Fig. S29B). The 

distance between O2 and surface is 1.68 Å. The adsorption energy is -0.01 eV, which indicates that 

O2 adsorption is more favorable on Li-terminated LiO2 (101) surface than O-terminated LiO2 (101) 

surface. 

Since there are two LiO2 (111) surfaces with almost the same energy, we investigated O2 

adsorption on both. On a O-terminated LiO2 (111) surface, O2 binds on the top site of Li in the 

lower level of the step as shown in Fig. S29C with an adsorption energy of -0.20 eV and a Li-O 

bond length of 2.36 Å. For Li-terminated LiO2 (111) surface, the most stable configuration 

suggested O2 binds on the bridge sites of upper-level Li and lower-level Li atoms within the step-

edge sites (Fig. S29D). The adsorption energy is calculated as -0.21 eV, indicating O2 adsorption 

on these two LiO2 (111) surfaces are comparable with a similar adsorption energy. 

Therefore, the interaction of an O2 molecule from the air in the cathode is favorable by as much 

as ~0.7 eV on crystalline LiO2 surfaces. Since the air is composed by about 20% oxygen and it is 
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at atmospheric pressure, the reduction of O2 should be the major reaction occurring on the 

discharge product surface. 

S16.3. H2O and CO2 adsorption on LiO2 surfaces 

H2O and CO2 adsorption on LiO2 (101) and LiO2 (111) surfaces were evaluated by density 

functional theory for developing an understanding of how our solid-state electrolyte battery can 

operate in air, which is important for the volumetric energy density. Note that the amount of these 

species present in the air will be very small and the purpose of these calculations was to determine 

if they would decompose and poison the LiO2 surfaces exposed to air. The results of the 

calculations indicate that neither CO2 nor H2O dissociate on the LiO2 surfaces investigated, 

although on some sites the H2O had significant binding (as large as 1.84 eV). However, since there 

are only very small amounts present it is not likely to affect the reduction of O2 on the surface, 

which makes up ~20% of the air. The results are consistent with the Raman and DEMS data, which 

showed no evidence of LiOH or Li2CO3. The results of the DFT calculations are given below. 

The most stable configurations of H2O adsorption are depicted in Fig. S30. On Li-terminated 

LiO2 (101) surfaces, H2O prefers to bind on a Li top site via O with a distance of 1.95 Å, as shown 

in Fig. S30A. One H in H2O tilted to a surface O resulted in a H-bond with a length of 1.75 Å. The 

adsorption energy was calculated as -1.84 eV with respect to the energies of a clean surface and 

H2O in vacuum, indicating a strong binding of H2O on Li-terminated LiO2 (101) surface, but no 

decomposition.  On the other hand, on a O-terminated LiO2 (101) surface, H2O can still bind on a 

Li by breaking a surface Li-O bond (see Fig. S30B), while the adsorption energy is -0.16 eV, 

suggesting a less stable configuration than the one on Li-terminated surface. On a O-terminated 

LiO2 (111) surface with step-edge sites, we found a geometry for H2O adsorption on a Li top site 

of the upper level of a step-edge column with an adsorption energy of -0.62 eV. Within this 
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configuration, a H-bond is present with a bond length of 1.76 Å and the distance between H2O and 

the surface is measured as 1.96 Å, as shown in Fig. S30C. When a H2O molecule is approaching 

the Li-terminated LiO2 (111) surface, it is stabilized at a bridge site within the step-edge as shown 

in Fig. S30D. There is a H-bond and two Li-O bonds forming between H2O and the surface. The 

calculated adsorption energy for this geometry is -0.75 eV, slightly more negative than that on O-

terminated LiO2 (111) (i.e., -0.62 eV). 

In addition, we calculated one CO2 molecule on terrace and step-edge sites of LiO2 surfaces. We 

tested different sites and configurations of CO2, the most stable one ends up with an adsorption 

energy of -1.62 eV on a Li-terminated of a LiO2 (101) surface. In this configuration as displayed 

in Fig. S31A, CO2 binds on the surface by forming one C-O bond with a bond length of 1.49 Å 

and two O-Li bonds with bond lengths of 1.95 Å and 1.91 Å, respectively. The angle of O-C-O in 

CO2 changed to 136.1° from 180° in the linear configuration. While on a O-terminated LiO2 (101) 

surface, all the tested configurations indicate there is no obvious chemical bond forming between 

CO2 and the surface (Fig. S31B). On LiO2 (111) surface, CO2 remains in its linear configuration 

and binds on Li sites via one O atom within the step-edge on both terminated (111) surfaces as 

shown in Figs. S31C-D. The adsorption energy of CO2 on the LiO2 (111) surfaces are -0.20 eV 

and -0.21 eV, indicating a less stable configuration of a CO2 on step-edge sites compared to that 

on terrace sites of LiO2 (i.e., a LiO2 (101) surface). 

S17. Transmission electron microscopy experiments for the discharged cathode 

To further understand the nature of the discharge product, we investigated the discharged 

cathode using HR-TEM. The cells were disassembled in an Ar-filled glove box. Subsequently, the 

cathode electrodes were washed immediately using dimethyl carbonate (DMC), and then 

completely dried under vacuum. The sample was then scraped off the electrode and dispersed on 
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the TEM grid. Low-dose high-resolution transmission electron microscopy (HR-TEM) 

characterizations were performed using Argonne chromatic aberration-corrected TEM (a FEI 

Titan 80-300 ST with an image aberration corrector to correct both spherical and chromatic 

aberrations) at an accelerating voltage of 200 kV. To avoid electron beam damage to these 

electron-beam sensitive samples, low-dose HR-TEM images are acquired under a dose rate below 

5 e−/Å2/s using a Gatan direct detection camera. The TEM results and EELS mapping (Fig. S32) 

also confirms that the discharge product is composed of large nanoparticles that are composed of 

lithium and oxygen. The large nanoparticles are amorphous with some crystallinity. There is a thin 

film coating of the discharge product on the surface of some of the Mo3P nanoparticles that is 

about 10-20 nm thick. These seem to be largely interfaced with the large discharge nanoparticles 

(Fig. S32c). Some of the Mo3P nanoparticles do not have the discharge product on the surface (Fig. 

S32C). These are generally not interface with the large discharge product nanoparticles.   

S18. Mechanism 

S18.1. Sequential Reaction Mechanism for discharge 

The sequential reaction mechanism occurring during the discharge process of the solid-state Li-

air battery cell is shown in Fig. S33. This sequential reaction mechanism, as shown in this figure, 

includes initial growth (Fig. S33A), pre-steady state growth (Fig. S33B), and steady state growth 

(Fig. S33C). 

S18.2. Battery restart experiments 

To investigate the role of mixed electron-ion conductor nature of the amorphous 

LiO2/Li2O2/Li2O phase as well as to confirm the sequential reaction mechanism (Fig. 5J and Fig. 

S33) in the developed solid-state Li-air battery, restart experiments were carried out at a current 

density of 1 A/g. To do this, the solid-state Li-air battery (Section S6.1) was first discharged for 

30 minutes, yielding a capacity of 0.5 Ah/g (Fig. S34). The battery cell was then vacuumed and 
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aged for 5 days. Given the fact that our Raman spectroscopy experiments (Section S7) indicate 

that disproportionation of LiO2 to Li2O2 occurs under this condition, the battery cell was found to 

still operate for the rest of the discharge process (up to the capacity of 1 Ah/g) although at a slightly 

lower voltage. Similar results were also achieved for the restart experiment during the charge 

process. The reason behind slightly lower/higher voltage for the rest of the discharge/charge 

process is most likely because of loss of some electronic conductivity from disproportionation of 

LiO2, but enough in the remaining discharge product. 

S18.3. Charge reactions 

The charge process occurs rather by a slightly different mechanism from the discharge process. 

Evidenced by in-situ Raman spectroscopy results during the charge process, the three Li-O species 

start to decompose at different rates with LiO2 and Li2O2 disappearing over 30-45 minutes (nearly 

over mid capacity). The decomposition occurs in the reverse steps of the sequential reaction in the 

initial stage of the discharge reaction but with non-stoichiometric components contributing to the 

charge mechanism after the LiO2 and Li2O2 components have largely disappeared. The role of 

Mo3P electrocatalyst is to provide electronic transport needed for the decomposition of LiO2 and 

Li2O2. Meanwhile, the Li2O component starts to decompose with the help of the electronic 

conduction of Mo3P in concert with electronic conduction of the Li2O and the ionic conduction of 

the CPE as well as Li2O.  
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Figs. S1 to S35: 
 

 

 
Fig. S1: Schematic illustration of CPE configuration. bond formation between S atoms in the LGPS and 

the Si atoms in the mPEO-TMS and their configuration in the PEO-LiTFSI matrix. 

 
Fig. S2. XRD Experiments. Diffraction patterns for the synthesized LGPS nanoparticles and the as-

prepared CPE. 
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Fig. S3. XPS analysis of the LGPS nanoparticles. (A) S 2p, (B) P 2p, (C) Ge 3d, and (D) Li 1s. 

 
Fig. S4. XPS analysis of the CPE. (A) C 1s and (B) O 1s XPS results for the CPE. 
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Fig. S5. EDX analysis of the CPE. (A) the electron image, (B) element distribution of the CPE 

components, (C) the overlaid EDX image (scale bar in all panels, 2.5 µm) and (D) the EDX spectrum. 

 
Fig. S6. Ionic conductivity measurements using EIS experiments. Nyquist plots of the CPE and the 

control sample, indicating Rs of ~21 and 186.5 ohms, respectively. 
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Fig. S7. Li transference number measurements using DC/AC experiments. The inset in this figure 

shows the EIS spectra of the cell before and after the DC bias of 30 mV for about 8 hours. 

 
Fig. S8. The performance of the solid-state Li-air battery cells at different C rates. (A) The voltage 

profiles at different 1C, 2C, 3C, and 5C rates. (B) The measured polarization gap of the Li-air battery cells 

at the end of the first cycle for different C-rates.  
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Fig. S9. Deep discharge/charge performance analysis. Battery cell deep discharge/charge profiles at 

different C rates. Cathode material loading is 0.1 mg/cm2. 

 
Fig. S10. Deep discharge and charge experiments. Deep discharge/charge voltage profiles at 1 C rate. 

Cathode material loading is 0.1 mg/cm2. 
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Fig. S11. The contribution of different cell components to (A) mass and (B) volume of the cell. 

 
Fig. S12. Electrochemical performance of the solid-state Li-air battery cell at 5 mg/cm2 cathode 

material loading. (A) Discharge/charge profiles at 0.1 mA/cm2. Comparison of polarization gaps of 0.1 

mg/cm2 and 5 mg/cm2 loadings are shown in the inset (B) Deep discharge performance at 0.1 mA/cm2. (C) 

Discharge/charge profiles at 5 mA/cm2 with cut-off voltage range of 2-4.5 V vs. Li/Li+ compared with 

performance at 0.1 mA/cm2 at different C rates and 0.1 mg/cm2 loading. 
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Fig. S13. Electrochemical performance of the solid-state Li-air battery cell using XC-72R cathode at 

0.1 mA/cm2 and a loading of 0.1 mg/cm2. (A) discharge/charge potentials at the first cycle. (B) cycling 

performance during 100 cycles. 

 
Fig. S14. In-situ Raman spectroscopy experiments. Experiments were performed for the first charge 

process of the solid-state Li-air battery cell at a current density of 1 A/g at different time intervals. 
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Fig. S15. Raman spectroscopy experiments for the discharged cathodes aged for different periods. 

(A) under Ar and (B) vacuum environment, indicating the favorable disproportionation reaction of LiO2 to 

Li2O2 with the time. 

 
Fig. S16. Acid-base titration calibration curve. Phenolphthalein indicator is used in acid-base titration 

experiment. 
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Fig. S17. Calibration of the TiO2SO4 complex in UV-Vis experiments. (A) UV-Vis spectra for different 

H2O2 samples in TiOSO4 solution, (B) Calibration curve showing different absorbance readings at ~410 nm 

for different H2O2 samples. 

 
Fig. S18. Li2O2 quantification results using titration experiments. (A) UV-Vis spectra for different 

cathode and CPE samples at 10, 30, and 60 minutes of discharge process (equal to capacities of 0.167, 0.5, 

and 1 Ah/g, respectively) in TiOSO4 solution, (B) the calculated Li2O2 amount in µmol using the calibration 

curve in Fig. S17b, indicating an average Li2O2 formation of 0.032 µmol during the discharge process. 
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Fig. S19. UV-Vis spectra for fresh and aged different cathode and CPE samples. (A) at 10, (B) 30, and 

(C) 60 minutes of discharge process (equal to capacities of 0.167, 0.5, and 1 Ah/g, respectively). 

 
Fig. S20. Quantified Li-O species using titration and acid-base experiments. The quantified products 

(LiO2, Li2O2, and Li2O) during the discharge process of the solid-state Li-air battery cell. 
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Fig. S21. DEMS calibration curve for O2 signal. Experiments were carried out using oxygen samples 

with known volumes. 
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Fig. S22. Control liquid electrolyte Li-air battery cell. (A) voltage profiles for the control Li-air battery 

cell, indicating a polarization gap of 367 mV at the first cycle. (B) Diffraction patterns for the discharged 

and charged cathodes at different cycles (i.e., 1, 50, 100, and 200), revealing reversible 

formation/decomposition of Li2O2 during the cycling with peaks at 34.5°, 48°, and 48.6° 2θ. (C-E) SEM 

images of the discharged cathodes at cycles 1, 50, and 200, respectively, indicating the formation of a film-

like species relevant to that of Li2O2 (scale bars, 200 nm). (F-H) SEM images of the charged cathodes at 

cycles 1, 50, and 200, respectively (scale bars, 200 nm). No evidence related to the film-like Li2O2 is 

observed in the charged cathodes. (REF) 
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Fig. S23. AFM images of a pristine cathode 5×5 mm2. (A-C): (A) Height image showing micron size 

secondary particles consisting of primary particles on the order of 100 nm. Cross section analysis reveals 

the height of the secondary particles range from 210 to 470 nm with surface roughness Rq 155 nm. (B) 

Amplitude image further reveals smaller primary particles around 50 nm. (C) 3D height image with 700 

nm full scale on the Z-axis showing hill-valley morphology consistent with SEM images.  (D-F) 1×1 mm2 

scan: (D) Height image indicates primary particle heights range from 50 to 70 nm with surface roughness 

Rq ~29 nm. € Phase image of the same area showing variation of phase shifts likely due to the Mo3P 

nanoparticles (dark, low phase shift) imbedded in decomposed binder (bright, high phase shift) (F) 3D 

height image with 150 nm full scale on Z-axis reveals hill-valley morphology down to finer scale. 
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Fig. S24. SEM imaging and elemental analyses of the pristine cathode. (A,B) SEM images. Scale bars 

in Figs. S24A and S24B are 500 and 200 nm, respectively. The light blue arrows show that the Mo3P 

nanoparticles are coated at the surface of the GDL with a hill/valley-like morphology. (C-F) Corresponding 

EDX results for the pristine cathode, indicating the distribution of Mo, P, and C at the pristine cathode. 

 
Fig. S25. SEM imaging analysis of the discharged and charged cathodes. (A,B) the discharged cathode 

sample. Scale bars in Figs. S25A-B are 500 and 200 nm, respectively. The light blue arrows show the 

hill/valley-like morphology of the Mo3P nanoparticles where at the valleys, a continuous layer with few 

cracks can be observed that are correlated with the presence of Li2O discharge product. Red arrows in Fig. 

S25B show the pores open to air flow in the discharged cathode. € SEM image of the recharged cathode 

sample (scale bar, 500 nm) indicating a structure and morphology similar to the pristine cathode sample 

where all the discharge products are reversibly decomposed during the charge process. 
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Fig. S26. Raman mapping experiments for the fresh discharged cathode of the developed solid-state 

Li-air battery. (A) The optical image of the cathode where the Raman maps were collected. Raman 

spatially resolved maps indicating the distribution of (B) carbon content, (C) Mo3P nanoparticles, the 

formed (D) Li2O, € Li2O2, and (F) LiO2 discharge products.  
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Fig. S27. Three different terminated LiO2 (101) surfaces. Li and O atoms are in green and red, 

respectively. The dashed black lines denote to the periodic boundary of the slabs. 

 
Fig. S28. Three different terminated LiO2 (111) surfaces. Li and O atoms are in green and red, 

respectively. The dashed black lines denote to the periodic boundary of the slabs. 

 
Fig. S29. The most stable structures of O2 on (A) Li-terminated LiO2 (101), (B) O-terminated LiO2 (101), 

(C) O-terminated-LiO2 (111), and (D) Li-terminated LiO2 (111). The top view in the upper panel only 

includes the top Li-O-O/O-Li-O trilayer. Li and O atoms are in green and red, respectively. The O2 molecule 

is in blue color. The dashed black lines denote to the periodic boundary of the slabs. The corresponding 

adsorption energies were labeled in the left corner. 
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Fig. S30. The most stable structures of H2O on (A) Li-terminated LiO2 (101), (B) O-terminated LiO2 

(101), (C) O-terminated-LiO2 (111), and (D) Li-terminated LiO2 (111). The top view in the upper panel 

only includes the top Li-O-O/O-Li-O trilayer. Li and O atoms are in green and red, respectively. The H and 

O in H2O molecule are in white and blue. The dashed black lines denote the periodic boundary of the slabs. 

The corresponding adsorption energies were labeled in the left corner. 

 
Fig. S31. The most stable structures of CO2 on (A) Li-terminated LiO2 (101), (B) O-terminated LiO2 

(101), (C) O-terminated-LiO2 (111), and (d) Li-terminated LiO2 (111). The top view in the upper panel 

only includes the top Li-O-O/O-Li-O tri-layer. Li and O atoms are in green and red, respectively. The C 

and O in CO2 molecule are in brown and blue. The dashed black lines denote to the periodic boundary of 

the slabs. The corresponding adsorption energies were labeled in the left corner. 
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Fig. S32. TEM-EELS analysis of the discharged cathode sample. (A) and (B) High-resolution TEM 

images of discharge product of the Mo3P cathode in Li-air battery scale bar (200 nm). (C) close-up TEM 

image of the discharge product of the Mo3P cathode. (D) Core-lose spectra of discharge product acquired 

by TEM-EELS. 
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Fig. S33. Illustration of likely discharge mechanism in the solid-state Li-air battery. (A) Initial growth 

at a three-contact junction (air, CPE, and cathode nanoparticles) down the sides of the “valleys”, (B) Pre-

steady state showing growth on discharge surface exposed to air involving the sequential reactions shown 

below. This assumes fast ionic conduction through the gray amorphous interphase combined with electrons 

from the cathode and O2 from the air. (C) Steady state growth at the bottom of the valleys where cathode 

electronic conduction is likely the most favorable. In the sequential reaction shown at bottom LiO2 grows 

on the discharge product surface and it can regenerate while being the source for formation of Li2O2, which 

likewise can be a source for formation of Li2O formed from the excess Li cations provided by the CPE 

through the amorphous interphase. 
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Fig. S34. Restart experiments results for the the solid-state Li-air battery (A) The discharge voltage 

profile of the solid-state Li-air battery cell at the current density of 1 A/g. The discharge process was paused 

at the capacity of 0.5 Ah/g and the cell was detached, vacuumed, and aged for 120 hours (5 days). After 5 

days, the battery cell was again filled with the air-like atmosphere and the discharge process at the same 

current density was carried out until a capacity of 1 Ah/g was achieved. (B) The charge voltage profile of 

the solid-state Li-air battery cell at the current density of 1 A/g. Similar ageing procedure to the discharge 

process was used to investigate the charge process. 

 
Fig. S35. Illustration of likely charge mechanism in the solid-state Li-air battery. Li1+xO2(s) means, for 

example, some   x=0.5 Li1.5O2 [or Li3O4 (s)] may be present in the interphase between the LiO2(s) and 

Li2O2(s) components. Li3O4(s) would be Li2O2(s) with half of the Li2O2 units missing a Li. Li2+yO2(s) means, 

for example, some x=1.5 Li3.5O2 [or Li7O4 (s)] may be present in the interphase between the Li2O2(s) and 

Li2O(s) components. Li7O4(s) would mean that one quarter of the Li2O would be missing a Li.   
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Tables S1 to S4: 

 

Table S1. Properties (density, thickness, and mass) of the different components used in the energy density 

calculations. 

Component 
Density 

(g/cm3) 

Thickness 

(mm) 

Mass 

(mg) 

Commercial Li metal anode 0.534 0.1  5.34 

Solid Electrolyte (CPE) N/A 0.138 31.76 

Active Material (Mo3P NPs) N/A N/A 0.1 

Discharge Product (Li2O) after 103.6 hours N/A N/A 5.48 

 

 

Table S2. The amount of LiOH formed during the discharge process found by acid-base titration 

experiments 

Discharge process LiOH (discharged cathodes) (µmol) 

10 minutes 0.499 

20 minutes 1.123 

30 minutes 1.737 

40 minutes 2.372 

50 minutes 3.008 

60 minutes 3.633 

 

Table S3. The e-/O2 measurements during the first discharge process using acid-base titration and UV-Vis 

spectroscopy experiments. 

Discharge process e-/O2 

10 minutes 3.936 

20 minutes 3.967 

30 minutes 3.982 

40 minutes 3.976 

50 minutes 3.953 

60 minutes 3.962 

 

Table S4. Calibration of the DEMS instrument with known O2 samples. 
Sample volume (mL) Corresponding moles of O2 in the sample (mol) 

0.02 8.93 x 10-7 

0.05 2.23 x 10-6 

0.1 4.46 x 10-6 

0.25 1.12 x 10-5 
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