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Abstract

Developing batteries with energy densities comparable to internal combustion technology is essential 
for a worldwide transition to electrified transportation. Li-O2 batteries are seen as the ‘holy grail’ of 
battery technologies since they have the highest theoretical energy density of all battery technologies. 
Current lithium-oxygen (Li-O2) batteries suffer from large charge overpotentials related to electronic 
resistivity of the insulating lithium peroxide (Li2O2) discharge product. One potential solution is the 
formation and stabilization of a lithium superoxide (LiO2) discharge intermediate that exhibits good 
electronic conductivity. However, LiO2 is reported to be unstable at ambient temperature despite its 
favorable formation energy at -1.0 eV/atom. In this paper, based on our recent work on the 
development of cathode materials for aprotic lithium oxygen batteries including two intermetallic 
compounds, LiIr3 and LiIr, that are found to form good template interfaces with LiO2, a simple goodness 
of fit R factor to gauge how well a template surface structure can support LiO2 growth is developed. The 
R factor is a quantitative measurement to calculate the geometric difference in the unit cells of specific 
Miller Index 2D planes of the template surface and LiO2. Using this as a guide, the R factors for LiIr3, LiIr, 
and La2NiO4+, are found to be good. This guide is attested by simple extension to other noble metal 
intermetallics with electrochemical cycling data including LiRh3, LiRh, and Li2Pd. Finally, the template 
concept is extended to main group elements and the R factors for LiO2 (111) and Li2Ca suggest that Li2Ca 
is a possible candidate for the template assisted LiO2 growth strategy.
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Introduction

Due to global warming, increasing extreme weather and non-sustainable fossil fuel, society is moving 
toward renewable energy sources and new energy storage systems. Lithium-oxygen/air batteries have a 
very high theoretical energy capacity approaching 3500 Wh/Kg that is close to gasoline and has 
attracted much research interest.[1] Despite the promising goal, some hurdles toward applications 
include: 1) High over-potential during charge and the resulting large over-potential gap; 2) Poor 
electrochemical cycling; and 3) Low charging/discharging rates. These hurdles are not entirely 
independent. The high overpotential is one of the main reasons for reduced long term cycling stability. 
The high overpotential is largely caused by the lithium peroxide (Li2O2) discharge product. Due to the 
insulating nature of Li2O2, it is difficult for current to pass through upon accumulation on the cathode. To 
avoid this problem, some research has been on developing new catalysts that lead to lithium superoxide 
(LiO2) as the discharge product. LiO2 has been reported as lithium deficient Li2O2 (i.e., Li2-xO2) and early 
calculations suggested its conductive nature as a semi-metal. [2-4] The theoretical calculations turned 
out to be very challenging to verify since LiO2 is not stable at ambient temperatures.[3, 5] To date, to our 
knowledge, there is no reported experimental single crystal structure, no four-probe conductivity 
measurement, nor other physical property measurements on isolated pure LiO2 crystallites. Recent 
calculations indicate crystalline LiO2 is still a wide band gap insulator. However, the calculated Li ionic 
conductivity (4 × 10−9 S/cm at room temperature) and electronic conductivity (9 × 10−12 S/cm at 300 K) 
are 10 and 8 orders of magnitude larger than that of the Li2O2 (4 × 10−19 S/cm and 5 × 10−20 S/cm), 
respectively. The high ionic and electronic conductivities of LiO2 are due to a polaron hopping 
mechanism whereby the induced polarization by the charge in the crystal lattice facilitates the 
conduction passage.[6] Since the ionic and electronic conductivity of LiO2 are significantly higher than 
that of the Li2O2, LiO2 could be a beneficial discharge product for a Li-O2 cell.

In 2016 a Li-O2 battery was reported based on Ir nanoparticles prepared through a hydrothermal route 
for a Ir-rGO/GDL cathode where rGO is reduced graphene oxide and GDL stands for gas diffusion layer. 
The selection of Ir was because it is one of the best-known fuel cell ORR catalysts. Indeed, the Li-O2 cell 
ran well with a low polarization gap of 0.9 V. It was found that LiIr3 formed on the surface of Ir 
nanoparticles.   The discharge product was exclusively LiO2 based on various experimental 
techniques.[7] Density functional calculations indicated a lattice match of LiO2 on LiIr3 surfaces 
suggesting epitaxial-like growth. 

Following these findings, a cathode based on 1.5 nm Ir nanoparticles on rGO was used.[8] Upon use in a 
Li-O2 cell the nanoparticles evolved into larger ones of about 5 nm. The formation of an LiIr3 outer shell 
on the Ir nanoparticles was observed ex-situ after operation of the Li-O2 cell. In addition, a very thin 
layer (~2 nm) of LiO2 over LiIr3 was observed with use of TEM after discharge. DFT calculations indicated 
the following reaction could occur on the surface of Ir nanoparticles that explains the formation of the 
LiIr3 outer shell:

LiO2(s) + 3 Ir(s)  LiIr3(s) + O2(g) (1) 
Interestingly, the formation energy for Equation (1) is -5.90 eV, a very favorable and exothermic 
condition.[8] 
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In another study a Li-O2 battery was based on LiIr3 that had been synthesized in bulk quantity. In 
contrast to the formation of LiIr3 in-situ under electrochemical condition at ambient temperature,[8] the 
bulk synthesis of LiIr3 requires 800°C over eight days.[9] Initially the dramatically different synthesis 
conditions of thermal heating vs. electrochemical room temperature formation were puzzling. However, 
the LiO2 apparently plays a crucial role in assisting the formation of LiIr3 as indicated in Eq 1 in the case 
of Ir nanoparticles. The strategy of using LiIr3-rGO/GDL as a cathode leads to large LiO2 nanoparticles 
with diameters larger than 200 nm. In addition, this is the first time that a TEM image of a LiO2 
aggregate was successfully captured under 80 KV scanning electron beam irradiation while 200 KV 
irradiation led to decomposition from LiO2 to Li2O.[10]  Also another LiIr alloy, LiIr-rGO/GDL, was 
explored as a  cathode in a Li-O2 cell. The cell ran well with a low over-potential gap of 0.8 V (3.50 – 2.75 
V) and reached 100 cycles at 1000 mAh/g capacity with replacement of the Li anode. In addition, DFT 
calculations revealed that the LiO2 (111) has a lattice match with LiIr (111) and LiO2 (101) with LiIr (110). 
[11] 

In this paper a simple goodness of fit R factor to gauge how well a template surface structure can 
support LiO2 growth such as found for IrLi and Ir3Li is developed. The R factor is a quantitative 
measurement to calculate the geometric difference in the unit cells of specific Miller Index 2D planes of 
the matching template molecule and LiO2. Using this as a guide, the R factors for LiIr3, LiIr, and La2NiO4+, 
are found to be good. The guide is attested by simple extension to other noble metal intermetallics with 
initial electrochemical cycling data including LiRh3, LiRh, and Li2Pd. Finally, the template concept is 
further extended to main group elements. 

Experimental

The following ICSD standard/reported structures are used for visualization and epitaxy analysis with 
VESTA software. The LiO2 (ICSD-180561) that is from calculations, all structures are reported 
experimental data: LiIr3 ICSD-104488, LiIr ICSD-104487, La2NiO4+ ICSD-69172, LiRh3 ICSD-642290, LiRh 
ICSD-150551, Li2Pd ICSD-104773, and Li2Ca ICSD-413207. VESTA (Visualization for Electronic and 
STructural Analysis) Ver. 3.5.8 is used for visualization of the template and lithium superoxide epitaxial 
interfaces.[16]

Raman spectroscopy (Renishaw inVia) was performed using a HeNe laser with a wavelength of 633 nm. 
10% of the maximum 13 mW laser power was used, and spectrum collection was set up in a 180 ° 
reflective mode with a time constant of 200 s. Scanning electron microscopy (SEM; Hitachi S-4700) 
coupled with EDAX (energy dispersive X-ray analysis) is used throughout. Sample SPPd6 (Fig. 6) is Pd-
Super P carbon/GDL cathode that is prepared with thermally evaporated (Edwards Auto 360) Pd film 
with 6 nm thickness over Super P carbon that is coated over a porous Gas Diffusion Layer. 

A Swagelok cell in a glass chamber was used for Li-O2 battery testing. A 1 M Li triflate salt in 
tetraethyleneglycol dimethyl ether (TEGDME) was used as the Li-O2 cell electrolyte with 100 mA/g 
current density and 500 mAh/g capacity. Electrochemical cycling was carried out using a MACCOR® 
S4000 cycler at 24 °C.

Results and Discussion
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Growth of LiO2 over LiIr3

Although the formation energy of LiO2 is predicted to be -1.04 eV/atom, LiO2 is unstable with respect to 
disproportionation to Li2O2 at ambient conditions. [5, 12, 13] In the early literature, LiO2 has only been 
reported to be isolated at 10 K with use of solid N2 matrix.[14] Recently, we demonstrated the presence 
of LiO2 in a Li-O2 battery by matching its electron diffraction with the calculated structure.[15] This 
battery was based on Ir nanoparticles as the cathode and it was discovered that LiIr3 formed in the cell 
supported the growth of LiO2.[7] Since LiIr3 favors the formation of LiO2, in another paper we prepared 
LiIr3 in bulk through high temperature solid state synthesis.[10] The most intense XRD peak of the high 
temperature synthesized LiIr3 is the (121) peak. In the presence of the LiIr3 cathode, LiO2 apparently 
forms exclusively as the discharge product through a “template assisted LiO2 growth process”. The LiO2 
(111) plane is believed to be stabilized through a lattice matching interface with LiIr3 (121).[7] Here 
VESTA (Visualization for Electronic and STructural Analysis) software [16] was used to visualize a LiO2 
(111) plane together with a LiIr3 (121) plane (Figures 1a and 1b, respectively) to show the matching 
interfacial layers. The templated LiO2 growth suppresses self-disproportionation to form Li2O2 and O2. A 
kinetics study has shown that LiO2 can undergo a first order disproportionation reaction during the 
discharge process without a template support.[13] 

1a 1b

Fig. 1a LiO2 (111) plane shown in pink with an in-plane rhombus unit cell marked in yellow. Li: green and 
O: red. (LiO2 ICSD-180561) Fig. 1b LiIr3 (121) plane with a similar in-plane rhombus unit cell marked in 
yellow. Li: green and Ir: gold. (LiIr3 ICSD-104488)

We speculate that the intermetallic LiIr3 may act as a template for growth of the crystalline LiO2, as has 
been found in template-controlled nucleation and growth of other crystalline materials.[17] DFT 
calculations on the interface between LiO2 and Ir3Li, found that some crystalline faces had good lattice 
matches (Ref [7], Supplementary Fig. S13), as would be required for stabilization of crystalline LiO2.
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For another Ir containing catalyst, LiIr, the LiIr-rGO/GDL cathode also cycled well.[11] Both LiO2 (101) 
over LiIr (110) (Figure 2a and 2b, respectively) and LiO2 (111) (as shown in Figure 1a) over LiIr (111) 
(Figure 3) were shown to have good lattice matches through DFT calculations.[11] Since good lattice 
matching interfaces between LiO2 and LiMx play a crucial role in supporting LiO2 deposition and lower 
the charging over-potential, we decided to develop a way to estimate how well a potential cathode 
material matches the lattices of the LiO2 surfaces, which is described in this paper.

Goodness of Fit R factor

A simple model is developed to quantitatively estimate how well the lattice of a LiMx layer matches that 
of LiO2. A rhombus unit cell is chosen for the 2D LiO2 (111) plane as indicated in Figure 1a. The individual 
Rn (n = 1 - 3) factors (Equation 3) measure the difference of each unit cell length in Å over the unit cell 
length of LiO2. The goodness of the fit R factor (Equation 4) combines the contribution from all three 
sides and represents how well the LiMx layer fits that of LiO2. For example, the two sides and short 
diagonal lengths (dash line) of the unit cell for LiO2 (111) plane are: l1 6.302 Å, l2 5.705 Å, and l3 4.970 Å, 
based on ICSD-180561 of a calculated LiO2 structure. The equivalent experimental lengths for LiIr3 (121) 
plane are: l1’ 6.358 Å, l2’ 5.381 Å, and l3’ 5.113 Å, respectively, (ICSD-104488, Figure 1b).

Rn =  , n = 1 - 3 (3)
𝑙𝑛 ― 𝑙′𝑛

𝑙𝑛

R = (R1
2 + R2

2 + R3
2) = 6.43% (4)

The lower the value of the goodness of fit (R) the better and the R value for LiO2 (111) plane over the 
LiIr3 (121) plane is 6.4%. We also estimate the R factor for the LiO2 (101) plane over LiIr (110) plane to be 
15.2% and LiO2 (111) over LiIr (111) to be 22.4%, respectively.  A non-lithium containing metal oxide 
ternary compound, La2NiO4+, has been reported that stabilizes growth of LiO2 layer on the terminating 
surface of the Ni oxide (001) layer.[18] The La2NiO4+ (001) plane (pink) is shown in Figure 4. The four 
corners of the yellow box in Figure 4 indicate lithium sites reported in reference 18 through a DFT 
calculation. Since experimental evidence based on a Raman peak at 1123 cm-1 together with a low 
charge overpotential ~3.8 V were observed [18] that are indicative of the presence of LiO2, its R factor 
can be estimated with use of the La2NiO4+ unit cell length (a = b = 3.869 Å).  The calculation details are 
in Table 1. The goodness of fit R for LiO2 (101) (Figure 2a) over La2NiO4+ (001) through a “Li-rich surface” 
is estimated to be 37.1%. 
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2a 2b 

Fig. 2a LiO2 (101) plane shown in pink with a nearly square unit cell marked in yellow. Li: green and O: 
red. (LiO2 ICSD-180561) Fig. 2b LiIr (110) plane also with a nearly square unit cell marked in yellow. Li: 
green and Ir: gold. (LiIr ICSD-104487)

 

Fig. 3 (Left) LiIr (111) plane in pink with an in-plane rhombus unit cell that supports epitaxial growth of 
LiO2 (111) Fig. 1a. 
Fig. 4 (Right) La2NiO4+ (001) plane in pink showing four unit cells. Ni is the small gray atom and O is 
red. The four corners of the yellow box indicate proposed Li atom deposition sites that leads to LiO2 
layer growth. [18] (La2NiO4+ from ICSD-69172, I4/mmm a = b = 3.869Å)

Application of R Factor and Search for New Templates

A simple application of the R factor is to check/verify LiMx surface with other elements in the same 
column of the periodic table for LiO2 stabilization. Since both LiRh3 and LiRh are isostructural to LiIr3 and 
LiIr, respectively, [19] their R factors were calculated. For LiO2 (111) over LiRh3 (121), LiO2 (101) over LiRh 
(110), and LiO2 (111) over LiRh (111), they are 6.3%, 16.0%, and 23.1%, respectively. (Table 1) These 
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values are very similar to that of the corresponding LiIrx intermetallics. In an experimental study we 
treated RhCl3 with hydrazine and prepared Rh-rGO/GDL cathode for a Li-O2 cell. The characterization of 
the cathode reveals a Rh peak in EDAX. The discharge product has Raman scattering peaks at 1125 and 
1500 cm-1, and a low charging plateau ~ 3.6 V between the 5th and 30th electrochemical cycles.[20] These 
results indicate that LiRh3 and LiRh are very likely to have the same template assisted LiO2 stabilization 
effect.

Table 1 Goodness of fit R factor calculations for LiO2 over LiIr3, LiIr, La2NiO4+, 
LiRh3, and LiRh
LiO2 (hkl)/LiMx(hkl) R1 R2 R3 R
LiO2 (111) Li-Li 4.970 5.705 6.302
LiIr3 (121) Li-Li 5.113 5.381 6.358
 Difference -0.143 0.324 -0.056
 / LiO2 Li-Li -0.0288 0.0568 -0.00889 R = 6.43%  

LiO2 (101) 4.877 4.970 6.963
LiIr (110) 4.397 4.588 6.355
 / LiO2 0.09842 0.07686 0.08732 R = 15.2%   

LiO2 (111) 4.970 5.705 6.302
LiIr (111) 4.588 5.133 5.133
 / LiO2 0.0769 0.1003 0.1855 R = 22.4%  

LiO2 (101) 4.877 4.970 6.963
La2NiO4+ (001) 3.869 3.869 5.472
 Difference 1.008 1.101 1.491
 / LiO2 0.2067 0.2215 0.2141 R = 37.1%

LiO2 (111) 4.970 5.705 6.302
LiRh3 (121) 5.068 5.362 6.311
/LiO2 -0.0197 0.0601 -0.00143 R = 6.3%  

LiO2 (101) 4.877 4.970 6.963
LiRh (110) 4.359 4.588 6.329
/LiO2 Li-Li 0.1062 0.0769 0.0911 R = 16.0% 

LiO2 (111) 4.970 5.705 6.302
LiRh (111) 4.588 5.101 5.101
 / LiO2 0.0769 0.1059 0.1906 R = 23.1%  

Among the noble metal catalysts, Pd on a carbon support is of interest since Pd is among the best fuel 
cell catalysts for ORR. The potential for Li intercalation into Pd like that of LiIr3 formation (Equation 1) 
during cycling led us to explore the Li-Pd binary system. Based on the Li-Pd phase diagram, there is only 
one congruent line compound, Li2Pd. [21] A line compound is a preferred candidate for template 
assisted LiO2 growth due to its well-defined stoichiometry and well-ordered structure. The thermal 
formation condition for Li2Pd is reported to be 800 °C for 1 hr. [22] Potential lattice matching between 
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LiO2 and different facets of Li2Pd was investigated. Shown in Figure 5a is the Li2Pd (100) facet in pink that 
is associated with the strongest XRD peak and LiO2 (011) and (110) planes are shown in Figure 5b and 5c, 
respectively. The calculated R factors for LiO2 (011) over Li2Pd (100), LiO2 (110) over Li2Pd (100), and LiO2 
(111) (Figure 1a) over Li2Pd (101) (Figure 5d) are 7.39%, 7.39%, and 27.6%, respectively. These R factors 
are within the range of forming stable LiO2-Li2Pd interfacial layers compared to that of LiO2 over LiIr3, LiIr 
and La2NiO4+. The first 20 cycles of electrochemical cycling of a Li-O2 cell with a Pd/carbon/GDL cathode 
is shown in Figure 6a. Other than the first cycle, the low overpotential of 0.7 V (2.7–3.4 V), Pd signal 
from EDAX, and a Raman scattering peak at ~1145 cm-1 (Figure 6b) indicate the presence of LiO2.[23] The 
Raman peak is higher than the typical value of 1125 cm-1 [15, 24] but not too far from a reported 1137 
cm-1 [12] in one study for the O-O stretch. Therefore, these results also support template assisted LiO2 
growth on Li2Pd.

5a 5b

5c 5d

Fig. 5a Li2Pd (100) plane in pink. The two sides of a rectangular unit cell and diagonal (dash line) are 
marked in yellow. (Li2Pd ICSD-104773) Fig. 5b LiO2 (011) plane in pink. The two sides and diagonal (dash 
line) of a 2D unit cell of the plane are marked in yellow. (LiO2 ICSD-180561) Fig. 5c LiO2 (110) plane in 
pink. The two sides and diagonal (dash line) of a 2D unit cell of the plane are marked in yellow. Fig. 5d 
The Li2Pd (101) plane to support LiO2 (111) (Figure 1a) in pink. A rhombus 2D unit cell for the plane is 
marked in yellow.
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6a 6b

Fig. 6a Pd (6 nm thick) was thermally evaporated over carbon (Super P) to make a SPPd6/GDL cathode. 
The EC cycling for the first 20 cycles at 100 mA/g current density and 500 mAh/g capacity shows a low 
overpotential of 0.7 V. Fig. 6b Raman spectra of SPPd6 pristine (black), 1st discharge (red), and 1st 
charge (blue). LiO2 peak at 1145 cm-1 is shown after the first discharge.

Main Group LiMx Template

Since one consideration as to whether template assisted LiO2 growth is possible depends on geometric 
requirements, the search for desirable templates can also be extended to main group LiMx templates. 
The first element in the main group we considered was magnesium. However, the Li-Mg binary phase 
diagram does not contain any line compounds. This can be understood through the Hume-Rothery Rule 
for complete miscibility since the atomic radii of Li (167 pm) and Mg (145 pm) are within 15% (or 167 
25 pm). [25] The Li and Mg atoms in a solid solution will be entirely random and not suitable for our 
template application. 

The next element is Ca (194 pm) and the Li-Ca phase diagram indicates only one line compound, Li2Ca. 
[26] The XRD (x-ray diffraction) pattern of Li2Ca (ICSD-413207 Cubic) reveals three prominent peaks for 
(111), (220 and 20 ), and (311 and 3  ). A potential lattice match with LiO2 for all five different facets 2 1 1
was explored and all five matches at different R values. Since the (311) and (3  ) as well as (220) and 1 1
(20 ) are in the same family of planes, respectively, only Li2Ca (111), (311), and (20 ) are shown in 2 2
Figures 7a-c. The calculated R factors for LiO2 (111) over Li2Ca (111), Li2Ca (311) and Li2Ca (20 ) are 2
25.7%, 14.7%, and 10.1%, respectively. All three R values are within a possible LiO2/Li2Ca lattice match 
range and suggest that Li2Ca (cubic) would be a good candidate for template assisted LiO2 growth.
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7a

Fig. 7a Li2Ca (111) plane in pink with a rhombus 
unit cell formed by two equilateral triangles 
marked in yellow. (Li2Ca ICSD-413207)
7b 7c

Fig. 7b Li2Ca (311) plane in pink with a rhombus unit cell for the 2D (311) plane marked in yellow. 
Fig. 7c Li2Ca (20 ) plane in pink with a rhombus unit cell consists of two isosceles triangles marked in 2
yellow.

Table 2 Goodness of fit R factor calculations for LiO2 over Li2Pd and Li2Ca

LiO2 (hkl)/LiMx(hkl) R1 R2 R3 R
LiO2 (111) Li-Li Å 4.970 5.705 6.302
Li2Pd (101) Li-Li 4.2300 5.0345 5.0345
 Difference 0.740 0.671 1.268
 / LiO2 Li-Li 0.1489 0.1175 0.201 27.6%

LiO2 (011) 3.992 5.705 6.963
Li2Pd (100) 4.230 5.460 6.907
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 / LiO2 -0.05962 0.04294 0.008043 7.39%

LiO2 (111) Li-Li 4.970 5.705 6.302
Li2Ca (111) Li-Li 6.174 6.174 6.174
 Difference -1.204 -0.469 0.128
 / LiO2 Li-Li -0.2423 -0.08221 0.0203 25.66%

LiO2 (111) Li-Li 4.970 5.705 6.302
Li2Ca (311) 5.346 6.174 6.902
 / LiO2 -0.0757 -0.0822 -0.0952 14.68%

LiO2 (111) Li-Li 4.970 5.705 6.302
Li2Ca (20 )2 5.346 5.346 6.174
 / LiO2 -0.0757 0.0629 0.0203 10.05%

Conclusions

In this paper, based on our recent work on the development of cathode materials for aprotic lithium 
oxygen batteries including two intermetallic compounds, LiIr3 and LiIr, that likely form epitaxy-like 
interfaces with LiO2, together with a literature La2NiO4+ metal oxide that also triggers the growth of LiO2 
lead us to the concept that this template assisted LiO2 growth helps to stabilize the LiO2 discharge 
product in a Li-O2 battery and contributes to a low charging overpotential. A simple goodness of fit R 
factor was developed to gauge how well a template can support LiO2 growth with use of these known 
cathode materials as the reference points. Guidelines for developing new template assisted materials 
that support LiO2 epitaxial growth are listed below:
1) A good LiMx template where M is a transition or main group metal must be electronically 

conductive.
2) A LiMx template with a well-defined structure and stoichiometry is preferred as disorder will likely 

hinder the template mechanism. The 2D unit cell of the LiMx plane must have the same symmetry 
as one of the LiO2 planes. The (110), (011), (101), and (111) planes of LiO2 are the most 
predominant ones based on the ICSD calculated structure.

3) The goodness of fit R factor can be used as a guide to search for possible LiO2 growth template. 
While the highest R factor found was for La2NiO4+ at 37%, the R factor for new template/catalyst 
follows the lower the better rule.  R factor less than 22% is expected to work well as demonstrated 
by LiIr3 (R = 6.4%) and LiIr (R = 15.2 – 22.4%).

4) An R factor larger than 37% may still be considered only if the new LiMx templates can withstand 
compression or tension.

Toward lowering the overpotential gap, the template assisted LiO2 growth strategy is quite promising. 
Once the charging potential is lower than 4 V (vs Li/Li+), side reactions due to electrolyte decomposition 
can be reduced. To have long cycle stability, the Li metal anode needs to be protected. Choosing a 
compatible Li protection route together with template assisted LiO2 growth, if successful, will help 
advance Li-O2 energy storage development.
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