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1. Introduction

Lithium peroxide (Li2O2) is the main discharge product
of the rechargeable Li-O2 battery (LOB), a promising 
technology due to the exceptionally high theoretical energy 
density. In the last years, it has been intensively studied with 
the aim of finding solutions to the limitations that are 
preventing its practical implementation. Among the critical 
issues are the insulating character of Li2O2 and the high 
charging overpotential that impairs its efficiency [1].  

One of the strategies that has been proposed to reduce 
the overpotential was the incorporation of heteroatoms in 
the electrolyte that can dope the discharge product [2]. The 
mechanism of how this doping can affect the performance 
of the battery is still unclear. In this work, we perform first-
principle calculations based on the density functional theory 
(DFT) to shed light on this particular point. But, in order to 
understand the effect of doping in the charging 
performance, we first have to clarify several crucial aspects 
of the electronic structure of the pristine Li2O2 surfaces. 

Standard local DFT functionals induce spurious metallic 
states in the insulating bulk Li2O2 upon lithium vacancy 
formation or at its non-stoichiometric surfaces. These 
surface metallic states have been interpreted as beneficial 
to the operation of the battery because a metallic behavior 
of the Li2O2 surface could mitigate the electrical passivation 
of the cathode. 

Previous works have shown that the lithium vacancies 
(VLi) and hole polarons are the dominant charge carriers in 
bulk Li2O2, and that the inclusion of exact Coulomb exchange 
interaction beyond standard local or semilocal functionals of 
DFT, as it is done within the Heyd-Scuseria-Ernzerhof (HSE) 
screened hybrid functional, is essential for achieving their 
correct description [3]. On the other hand, the different 
Li2O2 surface orientations play an important role in the 
oxygen evolution reaction (OER) occurring during the 
recharge of the battery, so a proper theoretical description 
is imperative. 

Doping Li2O2 is a potential strategy to improve the 
efficiency of the LOB. However, the mechanisms of how the 
incorporation of heteroatoms in the Li2O2 can affect the 
performance of the battery are still unclear. Experimentally, 
barium (Ba) was one of the heteroatoms considered, 
achieving a significant reduction in the charging 
overpotential [4]. The authors ascribed this effect to an 
improvement in the charge transport as a consequence of 
Ba incorporation in Li2O2.  Afterward, Chen and coworkers 
showed that a LOB with Na-doped Li2O2 as a discharge 

product also presents a lower charge overpotential as 
compared to the undoped system, since the Na+ as the 
dopant induces lithium vacancies, which according their DFT 
calculations using semilocal standard functionals, lead to 
conducting states in Li2O2 [2]. This theoretical interpretation 
needs to be revised. 

2. Computational methods

First-principle calculations based on DFT are performed
with the generalized gradient corrected approximation 
(GGA) by Perdew, Burke and Ernzerhof (PBE), as well as the 
hybrid functional by Heyd, Scuseria and Ernzerhof (HSE06), 
as implemented in the Vienna ab initio simulation package. 
For technical details see Ref. [5]. The surfaces are simulated 
using a slab geometry of Li2O2 separated by a vacuum layer 
of 10 ÅA. In some cases, it is necessary to duplicate the cell 
in one direction of the surface plane and remove selected 
lithium or oxygen atoms in order to attain different surface 
stoichiometries such as the oxygen-rich (O-rich) and 
stoichiometric one (ST). 
The surface energy, for T=300 K and P=1 atm, can be 
calculated as: 

γ(T,P)=[Gslab-(NLi/2)gbulk+(NLi-NO)μO(T,P)]/2A,  (1) 

where Gslab is the free energy of the surface supercell, A is 
the area of the exposed surface, NLi and NO are the numbers 
of Li and O atoms present in the slab, gbulk is the free energy 
per formula unit of bulk Li2O2 and μO (T,P) are the chemical 
potentials of O in bulk Li2O2.  

We calculate the free energy of each electrochemical 
intermediate step during the recharge process of the 
battery, assuming that the couple (Li+ + e-) is in equilibrium 
with bulk metallic Li; that the O2 molecule in solution is in 
equilibrium with both, O2 in the gas phase and O2 adsorbed 
at the surface; that during the desorption of Li+ ion at the 
cathode there is a coordinated (Li+ + e-) charge transfer and 
that the interactions of the surface species with the 
electrolyte can be ignored. 
The free energy change between reaction steps is given by: 

ΔGn=[En-En-1+ΔNLi(μLi-eU)+ΔNO2μO2(T,P)],                           (2) 

where n represents an intermediate reaction step, En is the 
total energy of the configuration at that step. ΔNLi and ΔNO2 
are the number of Li and O2 atoms that are removed from 
the surface in step n with respect to step (n-1), and eU is 
electron energy under the applied charging potential U. 
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3. Results 

3.1 Surface energy and electronic structure  

First, we calculate the surface energy and the electronic 
structure of the [0001], [1-100] and [11-20] facets with 
different stoichiometries (see Table 1).  It can be seen how 
GGA and HSE provide a qualitatively different 
thermodynamic description of the trend in the stability of 
the surfaces. Within GGA the most stable orientation is the 
[0001] O-rich-1 while within HSE it is the [1-100] ST-3 one. 
The discrepancy between GGA and HSE arises from the fact 
that GGA is not able to correctly describe the localization of 
the non-compensated charge (the hole polarons) due to the 
intrinsic self-interaction error. Figure 1 shows the crystal 
structure of the studied surfaces for the stoichiometric and 
oxygen-rich situations (ST and O-rich) obtained with HSE. 
The formation of polarons occurs in the non-stoichiometric 
cases within HSE. Precisely, the lacking charge at the oxygen-
rich surfaces takes the form of hole polarons at certain 
dimers, that are sketched as purple bonded. 

Table 1. Surface energies γ of Li2O2 at 300 K and 1 atm, the * 
denoted the lowest surface energy within each method. 

Orienta

tion  
Termination γGGA[meV/A2] γHSE[meV/A2] 

[0001] O-rich-1 17.0* 50.8 

 ST-4 47.8 44.2 

[1100] O-rich-2 31.5 43.7 

 ST-3 33.5 37.5* 

[1120] O-rich-1 40.4 49.4 

 O-rich-2 34.3 50.4 

Figure 
1: Crystal structure of Li2O2 surfaces calculated with HSE. Red 
(green) spheres represent O (Li) atoms, and the purple bond 
represents a hole polaron localized at the O2 site. 

The functional HSE partially corrects this error by adding 
a fraction of the exact exchange and it is able to achieve the 
formation of hole polarons. These polarons have an elastic 
cost which raises the surface energy γ, therefore, it is 

expected that the O-rich facets have higher γ than the ST 
ones within HSE. 

In Figure 2, we plot the density of states (DOS) 
calculated using GGA and HSE for the [0001] O-rich-1 
surface, projected at the oxygen 1st (surface) and 2nd (sub-
surface) layer. According to HSE, this O-rich surface turns 
out to be insulating. The localized hole polaron is evident as 
a peak in the middle of the gap. Conversely, the GGA results 
for the same surface, show spurious surface metallic 
behavior. The same applies to all O-rich surfaces studied. 

 
Figure 2: Projected DOS at O surface and sub-surface sites 

calculated with HSE (GGA) in solid red (black line).  

4. Discussion 

Li2O2 decomposition during the charging process 

Now we discuss the reaction energy profile of the OER 
for the surface with the lowest γ according to HSE, the [1-
100] ST-3. The reaction-free energy was calculated using Eq. 
2. 
 

 
Figure 3: Reaction free energy diagram during OER calculated with 
GGA (black line) and HSE (red line), at U= 0V. Lithium in dark grey 
(bulk) and light green (to be removed); oxygen dimer in bulk (dark 
grey), to be removed (light red) and the O2(light purple). 
 

Hole polarons are formed along the decomposition 
process within HSE. The last step is the limiting one and will 
determine the value of the overpotential. The GGA 
functional overestimates this value due to the overbinding 
error characteristic of the functional. We then study the 
effect of doping in the Li2O2 decomposition. Chen and 
coworkers showed a decrease in the charging overpotential 
when Na+ ions were dissolved in the electrolyte, doping the 
formed Li2O2 at the cathode. 

Figure 4 shows the calculated reaction free energy of 
the OER process at U=0 V for the Na-doped Li2O2 surface 



 
 
 

                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

(blue line) in comparison with the corresponding for the 
pristine Li2O2 (red line). Our results indicate that the 
structural distortions and the promotion of lithium vacancy 
formation induced by the dopant give rise to a decrease in 
the limiting potential step that explains the experimentally 
observed improvement in the battery efficiency. See Ref. 5 
for a more complete description. 
 

 
 
Figure 4: Reaction free energy diagram during OER for the Na 
doped system.  

 
5. Conclusions 

In this work, we have studied the electronic structure of 
different Li2O2 surfaces using the hybrid functional HSE that 
is capable of adequately describing the electronic structure 
and modelling the localization of hole polarons. The 
insulating nature of the all studied surfaces has been 
confirmed. In the non-stoichiometric terminations with low-
coordinated surface oxygen atoms, we have also confirmed 
a similar charge self-trapping behavior as found in Li2O2 bulk.  

Then, we have examined the Li2O2 decomposition that 
occurs during the recharge process using HSE, to take into 
account the presence of the surface polarons in the 
electrochemical intermediate steps. These results have 
been compared with the ones obtained using the GGA 
functional, which tends to delocalize the excess of charge 
carriers. We have shown that the free energy variation of 
the limiting step is overestimated within GGA when there 
are spurious metallic states instead of hole polarons.  

We have investigated the Na-doping effect on the 
lithium vacancy generation and on the Li2O2 surface 
decomposition. On the one hand, it is found that Na dopant 
reduces the lithium vacancy formation energy compared to 
the value for pristine surface, promoting the vacancy 
generation in agreement with experimental results.  

Finally, the Na-doped Li2O2 decomposition has been 
studied. The removal of the second LiO2 intermediate is 
found to be the limiting step during charge, in both Na-
doped and pristine Li2O2 surfaces. We have found that Na-
doping decreases the energy barrier of the limiting step, 
contributing to a reduction of the charging overpotential, in 
line with the experimental results. Our calculations indicate 
that the origin of this decrease is the lattice distortions 
associated with doping that weaken the LiO2 binding, and 
not the emergence of surface metallic states as previously 
reported.  
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