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A B S T R A C T   

We conducted an extensive investigation into graphene-encapsulated monometallic (Fe, Co, and Ni) and bime-
tallic random alloy (FeCo, FeNi, and CoNi) systems for their potential application as highly efficient catalysts in 
Li-air battery technology. Through meticulous calculations and analyses, we identified the Co@C system as the 
most exceptional catalyst among the monometallic counterparts. This system exhibited particle-type growth of 
the discharging product along with a moderate intermediate binding energy. Furthermore, employing the 
powerful genetic algorithm (GA) method, we explored a vast array of approximately 800–1200 structures to 
unveil stable random alloy systems. Our investigation led us to the discovery of the remarkable FeCo@C catalyst, 
presenting a Co-rich surface, Despite the elemental dominance on the catalyst surfaces, we observed the binding 
of intermediates occurring at ensemble sites involving two elements. Notably, the FeCo@C system emerged as 
the superior catalyst among both monometallic and bimetallic systems. It displayed a pronounced preference for 
particle-type growth and showcased the weakest binding energy for Li3O4, thereby demonstrating exceptional 
catalytic activity. Additionally, we performed an in-depth analysis comparing the overall potential difference 
from the reaction energy diagram with the individual potential differences during the Li2O2 formation and 
decomposition sequence. We established the critical significance of comparing individual potential differences in 
Li-air battery studies to ensure the preservation of detailed information and maintain the predictive power 
necessary for suggesting novel and efficacious catalysts. In summary, our groundbreaking study provides 
invaluable insights into the remarkable performance of graphene-encapsulated monometallic and bimetallic 
catalysts in Li-air batteries. The Co@C catalyst excelled among the monometallic systems, while the FeCo@C 
catalyst showcased unparalleled activity within both monometallic and bimetallic systems. Our findings un-
derscore the utmost importance of meticulously considering individual potential differences to drive forward the 
development of highly efficient catalysts for transformative Li-air battery applications.   

1. Introduction 

In recent years, the world has faced significant challenges related to 
energy consumption, environmental pollution, and the urgent need for 
clean and sustainable energy sources. The reliance on fossil fuels as the 
primary energy source has not only led to the depletion of these finite 
resources but has also caused severe environmental consequences, 
including greenhouse gas emissions and air pollution. To mitigate these 

issues, extensive research efforts have been devoted to exploring alter-
native energy technologies that can provide efficient and environmen-
tally friendly solutions [1–6] Among the various emerging energy 
storage systems, lithium-air (Li-air) batteries have gained considerable 
attention due to their high theoretical energy density, surpassing that of 
traditional lithium-ion batteries [7–12] Li-air batteries operate on the 
principle of the reversible electrochemical reaction between lithium and 
oxygen, with lithium ions combining with oxygen to form lithium 
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peroxide (Li2O2) during discharge. 
However, the overly stable Li2O2 discharge product poses a signifi-

cant limitation to the efficiency and practicality of Li-air batteries. The 
formation of highly insulating Li2O2 can impede the battery’s rechar-
geability, reduce its capacity, and induce high overpotentials during 
charge and discharge cycles [13–19] To overcome the challenges asso-
ciated with overly stable Li2O2 formation, researchers have focused on 
investigating alternative catalysts and materials that can enhance the 
electrochemical performance of Li-air batteries. Numerous studies have 
explored different approaches, such as the introduction of transition 
metal catalysts [20–25], the use of nanostructured materials [26–28], 
and the incorporation of additives to promote the decomposition of 
Li2O2 and improve the battery’s reversibility. These efforts have aimed 
to develop novel strategies to mitigate the formation of overly stable 
Li2O2, thereby enhancing the overall performance and efficiency of 
Li-air batteries. 

In recent years, nanoparticle-based catalysts [29–34] and carbon 
encapsulation [35–39] have emerged as promising candidates for 
addressing the challenges of Li-air batteries. The use of nanoparticles 
allows for a higher surface area, increased catalytic activity, and 
improved charge transfer kinetics, leading to enhanced battery perfor-
mance. Moreover, carbon encapsulation of the catalyst materials pro-
vides stability, prevents aggregation, and improves the durability of the 
catalyst, ensuring prolonged cycling performance. Recent studies have 
demonstrated the effectiveness of nanoparticle-based catalysts and 
carbon encapsulation in promoting Li2O2 decomposition, reducing 
overpotentials, and improving the reversibility of Li-air batteries. 
[20–24]. 

In this study, we aim to further investigate the potential of graphene- 
encapsulated catalyst systems, including monometallic (Fe, Co, and Ni) 
and bimetallic random alloys (FeCo, FeNi, and CoNi), for their appli-
cation in Li-air batteries. By exploring the catalytic activity of these 
systems, we strive to contribute to the development of efficient and 
reliable Li-air battery technologies. We aim to shed light on the potential 
pathways for overcoming the limitations associated with overly stable 
Li2O2 discharge products and pave the way toward the realization of 
high-performance Li-air batteries for future energy storage applications. 

2. Computational details 

We performed the Generalized Gradient Approximation (GGA) level 
spin-polarized density functional theory (DFT) calculation using the 
Vienna ab initio simulation package (VASP) [40–43] based on a 
plane-wave basis set with a cutoff energy of 450 eV. The revised 
Perdew-Burke-Ernzerhof (RPBE) [44–46] functional was used to 
describe the electron exchange and correlation of Fe, Co, and Ni ele-
ments. For the geometry optimization of the slab model, we proceed 
with the two-step calculations since we have dealt with ferromagnetic 
materials known as difficult to stabilize. The first step is 
spin-unpolarized geometry optimization to produce a basic electronic 
structure. In the next step, we performed the spin-polarized calculation 
based on the electronic structure information we calculated from the 
previous step. We could successfully stabilize the complex slab model 
composed of Ni, Co, and Fe elements through these two-step optimiza-
tions. The Brillouin zone was sampled with 4 × 4 × 1 k-point mesh 
following the Monkhorst-Pack scheme. The convergence criteria for the 
electronic and geometry optimizations were 10-5 eV and 10-2 eV/Å, 
respectively. 

We constructed two different sets of slab models. The first set is the 
monometallic Fe, Co, and Ni (111) surface of the face-centered cubic 
(FCC) structure with graphene encapsulation, and the other set is the 
bimetallic random alloy systems: FeCo, FeNi, and CoNi, which also have 
(111) surface indices based on FCC structure with graphene encapsu-
lation. (see Fig. 1) The composition of random alloy systems is 50:50. 
Both have a total of four atomic layers with two frozen bottom layers. 
They are centered in the 10 Å vacuum along with z-direction to avoid 

self-interaction. Here, random alloys have been developed from the 
genetic algorithm (GA) implanted in an atomic simulation environment 
(ASE). [47,48] We first generated a hundred parents from the random 
generation as a first generation. Second, we made a hundred children by 
selecting two parents from the previous generation. Third, keep 
repeating the evolution until we reached the criteria we set. In this work, 
we performed at least eight generations (800 structures) until the energy 
difference hit 10-2 eV. 

To compare the catalytic activity of Li-air battery, we made the re-
action energy diagram for the charging (or oxygen evolution reaction, 
OER) and discharging (or oxygen reduction reaction, ORR) process, and 
found the onset potential of both charging and discharging and calcu-
lated the potential difference (ΔU) crucial factor in Li-air battery per-
formance. Here is the total reaction pathway. 

4(Li+ + e− ) + 2O2(g)↔ 2Li2O2(s)

The following discharging process was considered; the reversed one 
could be the charging process. 

ΔG1 : (Li+ + e− ) +O2(g)+ ∗ ↔ LiO∗
2  

ΔG2 : (Li+ + e− ) +LiO∗
2 ↔ Li2O∗

2  

ΔG3 : (Li+ + e− ) +O2(g)+ Li2O∗
2 ↔ Li3O∗

4  

ΔG4 : (Li+ + e− ) +Li3O∗
4 ↔ 2Li2O∗

2 

Contrary to the original ORR and OER having proton and electron 
transfer, we have Li+ +e− transfer, and the reference electrode is also 
based on Li/Li+ one. Thus, we assume that Li+ +e− ↔ Li(s) are equilib-
rium at the standard condition to develop computational reference 
electrode and handle the chemical potential of Li+ +e− with Li(s), which 
is same as computational hydrogen electrode by Nørskov group except 
we are dealing with Li+.[49] When we calculate the equilibrium po-
tential and binding energy of a given reaction, we used the energy of 
Li2O2(s) and Li(s) as a reference instead of O2(g) to match the experi-
mental equilibrium potential (2.96 V vs Li/Li+) since the DFT has diffi-
culties in dealing with the triplet states of O2(g). 

3. Results and discussion 

3.1. The catalytic activity of monometallic nanoparticle 

Before investigating which bimetallic system holds the most promise 
among various element combinations, it is crucial to develop the 
monometallic system to facilitate comparison and gain insights into the 
reaction mechanism of simpler systems. In this study, we prepared Fe, 
Co, and Ni elements with a common face-centered cubic (FCC) structure, 
despite the possibility of Fe and Co having different stable structures at 

Vacuum: 10 Å

Vacuum: 10 Å

)b()a(

Fig. 1. Illustrations of the slab model we used in this study (a) top view and (b) 
side view. The ball with gray color represented the encapsulated carbon layer, 
and the ball with pink color represented any metal elements (Fe, Co, and Ni). 
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room temperature. Adopting the same structure for all elements was 
motivated by two factors. Firstly, any bimetallic system composed of Fe, 
Co, and Ni can exhibit an FCC structure in experimental settings [50,51]. 
Secondly, we assume that the nanoparticle system possesses a high 
surface-volume ratio, resulting in the synthesis of FCC-structured 
nanoparticles with (111) surfaces to minimize surface energy. These 
assumptions enable us to extract key factors underlying changes in 
catalytic activity with different bimetallic combinations. 

To evaluate the binding energies of intermediates (LiO2, Li2O2, and 
Li3O4) that may exist during the reaction, we constructed slab models 
and performed calculations, as described in the computational details 
section. Based on the obtained binding energy calculations (Table S1 
and Fig. S1), we generated reaction energy diagrams for both dis-
charging (blue) and charging (red) reactions (Fig. 2a-c). Here, we 
introduced two terminologies: discharging potential (UDC) and charging 
potential (UC), similar to concepts such as onset potential or half-wave 
potential in experimental settings. The onset potential represents the 
point at which all reaction steps become exothermic. While a direct 
comparison of onset potential is commonly used to determine catalytic 
activity, Li-air batteries have different evaluation criteria due to the 
emphasis on charging efficiency [52–55]. Hence, it is necessary to 
examine the potential difference to understand the required energy 
input for recharging. A low potential difference signifies a cost-effective 
system that demands relatively less energy for recharging. Remarkably, 
Co@C exhibited the most favorable position among the three early 
transition metals, namely Fe, Co, and Ni. 

However, another critical point is deciding which catalyst performs 
better in Li-air batteries. According to our previous discussion, the low 
potential difference made a good catalyst due to the discharging and 
charging characteristics of the battery. If we determine the potential 
difference out of entire reactions, we can get the wrong conclusion due 
to the lost details. In this study, we followed the four reaction steps 
sequentially from ΔG1 to ΔG4 for the discharging process as the reaction 
happens to make first Li2O2 with ΔG1 and ΔG2 and second Li2O2 with 

ΔG3 and ΔG4, and then the charging process is starting from ΔG4’ to 
ΔG1’ (here ‘ means reversed reaction) by evolving O2(g) from Li2O2 in 
reverse order. (See Fig. S2) Therefore, we must compare the onset po-
tential difference individually such as comparing the first formation of 
Li2O2 (ΔG1 and ΔG2) and the first decomposition of Li2O2 (ΔG3’ and 
ΔG4’), and the results were drawn in Fig. 2d-e. As same as the reaction 
energy diagram, bars with blue color mean discharging process with first 
(left) and second (right) Li2O2 formation in order. In the same manner, 
bars with red color mean the charging process with the first (right) and 
second (left) Li2O2 decomposition process to compare the potential in 
sequence. Contrary to our assumption in previous statements, it looks 
like there is no difference between overall and individual potential 
differences, however, there is a slight deviation in the Co@C system. The 
first discharging potential is slightly lower than the second one, thus 
small difference was observed between Fig. 2b and e in terms of po-
tential difference. Only a 20 mV difference was found in the mono-
metallic system, but bimetallic systems showed dramatic changes that 
will be discussed later. The Co@C and Ni@C show similar trends they 
have similar discharging potential, and the first Li2O2 decomposition is 
the main bottleneck of the reaction. The Fe@C shows a big potential 
difference at the second Li2O2 decomposition due to the exceptionally 
strong binding energy in LiO2 by − 3.51 eV (the Co@C and Ni@C have 
the LiO2 binding energy by 1.13 eV and 1.23 eV, respectively). From the 
individual potential difference diagram, we still can claim that Co@C 
shows the best performance among the monometallic systems. 

3.2. GA for bimetallic system 

From now on, we will discuss bimetallic random alloy systems, 
however, modeling the random alloy systems even with graphene 
encapsulation is tricky. Here, we suggest the GA method can find the 
stable structure given circumstances through the evolution of multiple 
generations until we find the desired structure. As we discussed briefly 
in the computational details section. First, we made a hundred structures 
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(so-called parents) from a random shuffle and chose only the metal 
atoms under the graphene layer that will be evolved via the GA process 
and performed the DFT calculation. Second, we picked two parents (e.g. 
A, B) out of a hundred parents, and sliced them at the same angle (e.g. A 
→ A1 +A2, B → B1 +B2), and then rejoin them (e.g. A1 +B2 → C, 
A2 +B1 = → D) in a different order. These C and D could be the next 
generation or children. Third, we continued the second process until we 
got a hundred children and performed the DFT calculation to get the 
energies of the structures. Forth, we repeated the process over again 
until the energies hit the criteria we set. Fifth, we chose the ten most 
stable structures from the GA search and recalculated them with tight 
criteria for further calculations. 

As you can see in Fig. 3, we explored at least eight hundred to fifteen 
hundred structures to find the stable one. The convergence is clearly 
seen in every system without any ambiguity. In the case of the FeCo@C 
system, the Co-rich surface became most stable with small Fe segrega-
tion (four atoms on the surface). In other cases, such as FeNi@C and 
CoNi@C, both systems have Ni-rich surfaces. Especially in an electro-
chemical environment like a fuel cell, the catalyst surface was fully 
covered with noble and low surface energy elements like platinum. 
Interestingly, none of the systems are fully covered with specific ele-
ments like Pt-based nanoparticles. [56–58] We believe that graphene 
encapsulation made the mild condition which can give you more flexi-
bility about the surface configuration than the exposed metal surface. 
Through the surface structure, we can assume that FeCo@C will have 
similar properties to the Co@C system but will be slightly tuned by Fe 
atoms under the graphene. A similar effect can be also expected on the 
FeNi@C and CoNi@C systems as well. Both will have similar properties 
to the Ni@C since they have Ni-rich surfaces, but FeNi@C will be tuned 
by Fe atoms and CoNi@C will be tuned by Co atoms. When we tried to 
find the most stable binding sites for LiO2, it always binds on the alloy 
sites shown in Fig. S3. In other words, unique surface configurations 
derived by graphene encapsulation may change the catalytic activity of 
the systems since the first discharging step (LiO2 binding) can happen on 
the mixed binding sites. In this section, we explored the vast number of 
structures for FeCo@C, FeNi@C, and CoNi@C, and found the most 
stable structures having Co- or Ni-rich surfaces. 

3.3. The catalytic activity of the bimetallic system 

We calculated the binding energies of intermediates and catalytic 
activity on the bimetallic random alloy systems investigated from the GA 
method. As we discussed in the last section about LiO2 binding, 
ensemble sites with two elements became reactive. Additional in-
termediates were also studied, and we found the different types of dis-
charging product (Li2O2) growth possibilities. One of the major 
drawbacks of Li-air batteries is the overly stable Li2O2 because it can be a 
problem of Li2O2 decomposition. Zhang reported that there were two 
different kinds of discharging product growth mechanisms.[59] One is 

the film-type growth will cover whole catalysts uniformly and deacti-
vate them since the discharging product is an insulator. The other one is 
the particle-type growth (i.e. toroid) with preferential Li and O2 binding 
not on the catalyst surface, but on the discharging product. The catalyst 
surface will have an active open place even though the numerous dis-
charging process with particle-type growth. We also tried to check 
which type of growth is dominant for our systems. When we explored 
the stable structures of adsorbed LiO2 and Li2O2, could not find any 
differences. However, the third reaction step formation of Li2O3 from 
Li2O2 showed a clear difference that we can claim one is the film-type 
growth and the other one is the particle-type growth. As shown in  
Fig. 4b, extra Li and O2(g) can make entirely different Li3O4 structures. 
Two oxygen atoms are strongly bound with carbon atoms when Li2O2 
binds with catalysts. When the Li3O4 is formed, O2(g) can be activated 
by either graphene or Li atoms. If the O2(g) strongly interacts with 
graphene, then it will make film-type Li3O4. On the other hand, O2(g) is 
positioned on top of the Li atoms, and then the Li3O4 structure is rear-
ranged to a particle shape as only two oxygen atoms are bound to the 
graphene. To return to the binding energy of adsorbates, we calculated 
the binding energies of film-type and particle-type Li3O4, and we found 
many interesting points. As we discussed, Co@C showed the best per-
formance among the monometallic systems. Furthermore, only Co@C 
showed stronger particle-type Li3O4 binding energy than film-type one 
(see Fig. 4a), another interesting point is all the random alloy systems 
preferred particle-type growth. Lastly, FeCo@C showed the weakest 
Li3O4 binding energy among all the systems we considered in this study. 
Eventually, this weak binding energy of Li3O4 drove the system to the 
best catalyst. 

As we explained, the strength of binding energy is critical in Li-air 
batteries since the overly stable discharging product is the problem. 
According to binding energy calculation, FeCo@C preferred particle- 
type growth and had weak binding energy, that is, we can easily pre-
dict that FeCo@C would have good catalytic performance. However, 
when you see the overall potential difference from the reaction energy 
diagram on the random alloy systems in Fig. S4, FeCo@C is not the one 
with the highest activity, and the activity difference between the sys-
tems is negligible (below 10 mV). We must see the individual potential 
difference to understand what happened during the reaction (see Fig. 4d 
to f). The discharging potential in blue color does not change with the 
system or Li2O2 formation and decomposition order, so the charging or 
decomposition of stable Li2O2 is the main key to pursuing the high ac-
tivity. An overly stable Li2O2 intermediate makes the discharging reac-
tion fast. Furthermore, the discharging potential showed an almost flat 
line along with the capacity from our previous study.[52] Above all, you 
can find a dramatic activity increase in FeCo@C compared to others. 
Around 40 ~ 60 mV improvement was observed, and it is the opposite 
result we found in the previous overall potential difference data. To 
return to the suggestion that we need individual potential differences, 
we can see solid proof through the random alloy calculation result. Since 
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Fig. 3. The number of explored systems via the GA method for the (a) FeCo@C, (b) FeNi@C, and (c) CoNi@C. The structure illustration in each figure showed the 
highest and lowest energy structure without graphene encapsulation. 
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Co@C was the best catalyst among the monometallic systems, we can 
simply predict the system with a Co-rich surface can have at least similar 
activity with the Co@C system, but how the FeCo@C showed the best 
performance, not the CoNi@C system. According to previous calcula-
tions, any active elements at the sub-surface layer weaken the binding 
energy at the surface. In the case of Pt3Ni catalyst for oxygen reduction 
reaction, we usually assumed that the surface will be fully covered with 
thin Pt skin due to the poor stability of Ni elements. The binding energy 
of key adsorbate O or OH becomes weaker than that of Pt toward the top 
of the volcano curve. [57,58] The reactive elements at the sub-surface 
will strongly attract the electrons from the neighbor including surface 
atoms, and the reactivity of the surface atom will be suppressed. In other 
words, we can control the strength of binding energy with or without the 
surface layer (specifically the graphene layer) and even the performance 
of the Li-air batteries. 

In summary, we found that there are two distinguished discharging 
product growth mechanisms and our best system FeCo@C preferred 
particle-type growth and the weakest binding energy. We also found that 
the overall potential difference is no more helpful to determine the 
actual catalytic activity of Li-air battery and need the individual po-
tential difference data to get reliable results. 

4. Conclusion 

In this study, we investigated the graphene-encapsulated mono-
metallic (Fe, Co, and Ni) and bimetallic random alloys (FeCo, FeNi, and 
CoNi) systems for their potential application as catalysts in Li-air bat-
teries. Our calculations and analyses focused on evaluating the catalytic 
activity of these systems. Among the monometallic systems, the Co@C 
catalyst demonstrated the highest performance due to its particle-type 
growth of the discharging product, which was found to be more ad-
vantageous than film-type growth, along with moderate intermediate 
binding energy. To identify stable random alloy systems, we systemat-
ically explored approximately 800–1200 structures using the genetic 

algorithm (GA) method. As a result, we discovered the stable FeCo@C 
catalyst with a Co-rich surface, FeNi@C catalyst with a Ni-rich surface, 
and CoNi@C catalyst with a Ni-rich surface. Although the catalyst sur-
faces were predominantly composed of specific elements, the binding of 
intermediates occurred at ensemble sites involving two elements. The 
FeCo@C catalyst, among both monometallic and bimetallic systems, 
demonstrated superior performance. This catalyst exhibited a prefer-
ence for particle-type growth and possessed the weakest binding energy 
for Li3O4, leading to enhanced catalytic activity. Furthermore, we 
analyzed the overall potential difference from the reaction energy dia-
gram and the individual potential differences during the Li2O2 formation 
and decomposition process. Interestingly, the catalytic performance 
appeared to deviate from our initial assumptions, prompting us to 
conclude that comparing individual potential differences in Li-air bat-
tery studies is crucial for preserving detailed information and main-
taining predictive capabilities for suggesting new catalysts. In summary, 
our study provides insights into the performance of graphene- 
encapsulated monometallic and bimetallic catalysts in Li-air batteries. 
The Co@C catalyst exhibited the most promising performance among 
the monometallic systems, while the FeCo@C catalyst demonstrated 
superior activity among both monometallic and bimetallic systems. Our 
findings highlight the importance of considering individual potential 
differences and preserving detailed information to advance the devel-
opment of efficient catalysts for Li-air battery applications. 
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