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Understanding the oxidation and corrosion characteristics of Lithium (Li)-based systems is critical to their
successful use as a solid fuel in spacecraft, powerplants, rechargeable batteries, submarines, and many
other aquatic and corrosive environments. This study offers a systematic roadmap for engineering the
oxidation efficiency and corrosion resistance of Li-based systems using ReaxFF-based Reactive
Molecular Dynamics (RMD) simulations for the first time. First, we explored the oxidation mechanism of
bare Li (Li/O,) at 1200 K, noticing that the oxidation process quickly ceases due to the creation of
a passive oxide film on the Li surface. Afterward, we examined the effect of introducing graphene-oxide
(GO) to the oxidation process of Li/O,. Interestingly, the inclusion of GO establishes a new reaction
pathway between Li and O, thus significantly improving oxidation efficiency. Additionally, we realized
that when the concentration of GO increases in the system, the oxidation rate of Li/O, increases
considerably. As exposed to O, and H,O, bare Li is observed to be highly corrosion-prone, while
graphene (Gr)-coated Li exhibits excellent corrosion resistance, suggesting that Gr might be used as
a promising corrosion-protective shield. Overall, this study is intended to serve as a reference for
experimental investigations and assist researchers and engineers in designing more efficient Li-based
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1. Introduction

With the rising need for environmentally friendly and sustain-
able energy, prompted by the imperative to minimize green-
house gas (CO,, CH,;, NO) emissions in order to combat
anthropogenic global warming, renewable energy sources such
as wind and solar power systems have gained popularity.*
However, large-scale power generation strategies are essential
since the temporal accessibility of these green energy sources
often falls short of meeting actual energy demand.' In that
context, Lithium (Li) is an ideal candidate for storing energy in
a combustion process.* Li, which has an atomic number (Z) of 3,
and an atomic weight of 7 a.m.u., has an exceptionally low
electronegativity and is located near hydrogen (H) on the peri-
odic table.> Moreover, it contains a vast amount of chemical
energy owing to the available valence shell electron relative to
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its mass, resulting in high specific energy."* In fact, after boron
(B) and beryllium (Be), Li has the third-highest energy to mass
ratio, referred to as specific energy (k] kg™ '), among all alkali
metals/metalloids.™ Such high specific energy encourages its
use as an anode material in Li/O,, Li-ion, and Li/air batteries."
Additionally, Li is a well-established energy carrier and an
element of processes that generate hydrogen via the Li-water
interaction, Li hydrides, and borohydrides.*® Also, Li has been
proposed as fuel for submarines and rockets,' and it has been
incorporated into underwater propulsion systems as a chemical
fuel.”*

Generally, metals have traditionally been known to be good
energy storage resources in addition to being effective additives
in slurry fuels, energetic materials, and propellants by virtue of
their high specific energy.*** The majority of prior research on
harnessing the chemical energy contained in metal fuels has
concentrated on the reaction of various metals, particularly
aluminum (Al) and magnesium (Mg), with water to produce
hydrogen on demand, with only a few studies focusing on the
combustion of metal fuels to generate heat.’*™ Lately, the
combustion of Li with various gaseous products has piqued
interest for a multitude of reasons. For instance, Li has been
employed in nuclear fusion reactors as a tritium breeder
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blanket and coolant.® Besides, Li fires have been studied
extensively in order to gain a thorough understanding of the
combustion mechanism.* When power is required, Li is
combined with the exhaust from an air or power plant station to
generate heat for thermal power plants." Once there is adequate
renewable energy, the combustion products of the solid phase
can be recovered and recycled into elemental Li through elec-
trolysis." Furthermore, Li has been widely used in rechargeable
batteries for electric cars and a wide variety of electronic gadgets
such as mobile phones, notebook computers, and digital
cameras.>»* Since Li-ion batteries have a large number of active
electrodes with highly combustible electrolytes, heat is gener-
ated within the cell under abnormal conditions like over-
charging or internal short circuits, which may lead to hazardous
thermal runaway reactions in the worst-case scenario.>® Most
battery-driven accidents triggered by spontaneous combustion
have occurred in recent years, including the fire of the 787
Boeing Dreamline batteries and the explosion of a Tesla Model
S electric car in 2013.%* As a result, the safety issue remains an
impediment to the widespread use of Li batteries.*

On the other side, Gr and other two-dimensional (2D) sp>
hybridized carbon materials are predicted to have a significant
impact in the field of catalysis, thanks to their peculiar
mechanical, electrical, thermal, and optical properties, as well
as their high specific surface area relative to other carbon-based
materials.””* Geim et al. (2004), for the first time, successfully
exfoliated single layer Gr from graphite.”®* Gr's extraordinary
electronic properties, including the half-integer quantum Hall
effect, superior charge carrier mobility due to its massless Dirac
fermion nature, and especially quantum capacitance, render it
one of the most useful materials in optoelectronic systems.*~**
However, the high expense of synthesizing and characterizing
Gr-based nanomaterials, such as the chemical vapor deposition
process, oxidation/reduction protocols, etc., has impeded their
use as catalytic support.>° Nonetheless, “graphene oxide
(GO),” a Gr analog with oxygenated functionalities on the
surface, which is fabricated by graphite oxidation in the pres-
ence of strong oxidizing agents, has generated considerable
attention in the nanocatalyst scientific community.** Additional
chemical modifications to the GO surface could incorporate
newer catalytically active sites that are critical for novel catalytic
activities.””?

In that context, GO and its chemically modified variants have
been shown to be highly catalytic in various reactions, including
oxidation and thermal decomposition.”””® For instance, Bie-
lawski et al.*® were the first to show GO's superior catalytic
activity in liquid phase organic transformations. Since that
time, a number of organic transitions have been investigated by
incorporating functional groups onto the graphitic
substrate.”®*® Notably, carbon materials serve as specialized
catalyst supports in heterogeneous catalysis by anchoring
various active materials through their active sites and may even
function as a catalyst on their own. Additionally, the physico-
chemical properties of carbon-based materials, such as tunable
permeability and surface chemistry, make them suitable
candidates for use as catalysts in a range of applications.””**
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Protecting the reactive metals' surfaces has become a priority
for the scientific community. Nonetheless, traditional methods
such as chemical modification,?” anodization,*® formation of
oxide layers,* polymers,*® paints and varnishes,*" and coating
with organic layers*> have demonstrated a number of draw-
backs, including the formation of waste products, limited
chemical stability, susceptibility to damage by heat, and
modification of the base metals’ physical properties.** On the
other hand, Gr has been repeatedly identified as an ideal
material for corrosion inhibition owing to its exceptional
thermal and chemical stability, as well as mechanical strength
with minimal alteration of the base metals' physical proper-
ties.**™*¢ Gr is the thinnest known corrosion-protecting coating
and has a negligible effect on the total dimension of the coated
metal.”® It has exceptional optical transparency (about 2.3%
absorption per layer*”) in the visible spectrum, as well as
outstanding electrical and thermal conductivity. Therefore, it
has a minor alteration to the optical, thermal, and electric
properties of the coated metal.** On top of that, under severe
conditions, Gr remains stable and chemically inert to oxidizing
gas and liquid solutions, while other substrates would suffer
fast chemical reactions.**** Along with its large specific surface
area and six-membered ring structure, the Gr surface forms an
ionically impermeable diffusion barrier that can effectively
prevent charge transfer, significantly improving water perme-
ability and corrosion attack.***** Consequently, Gr has been
studied experimentally as an anti-corrosive coating on
a number of materials, including Ni, Cu, and steel.*»*>*% Using
electrochemical Tafel analysis and impedance spectroscopy,
Prasai et al*® reported that CVD-deposited multilayer Gr is
capable of reducing the corrosion rate of Ni by 20 times. Also,
Gr-based materials for maritime corrosion resistance are
studied from two perspectives: pure Gr substrates and Gr
composite coatings.*>**** While the usage of Gr to deter corro-
sion has been well studied experimentally in the past, research
involving mechanistic understanding is few and far between.*

Li's high specific energy, coupled with its extremely low
electronegativity and atomic weight, makes it promising for
awide range of applications, including spacecraft, powerplants,
combustion, rechargeable batteries, nuclear reactors, and
aquatic conditions such as submarines, undersea propulsion
systems, and many other corrosive environments. As a conse-
quence, engineering Li's oxidation efficiency and exploring
strategies to safeguard it against corrosive species are crucial for
ensuring its long-term vitality, which is the aim of this study.
Molecular Dynamics (MD) simulations have been shown to be
an effective tool for studying the behavior and reaction mech-
anisms of nanosystems at the atomic level.**"*® In this light, we
used ReaxFF-based RMD simulations to explore the oxidation
essence of bare Li/O, and how the oxidation efficiency of Li can
be engineered by utilizing GO (Li/O,/GO). Furthermore, the
corrosion resistance of Gr-coated Li (Gr/Li) against O, (Li/Gr/O,)
and H,O (Li/Gr/H,0) have been analyzed as well, which are
crucial for the successful utilization of Li as solid fuel and
rechargeable Li-based battery.
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2. Computational method

The ReaxFF reactive force field for Li/C/H/O interactions® was
used to evaluate the complete reaction process of Li/O,, Li/O,/
GO, Li/Gr/O,, Li/H,0, and Li/Gr/H,O. Notably, the potential
developed by Bedrov et al.® can reasonably define all the
systems; in other words, this force field can excellently capture
the atomic interaction among Li/C/H/O. Readers are directed to
ref. 57 for a better understanding of the force field employed in
this work. It is noteworthy that the ReaxFF has been optimized
for a wide variety of physical and chemical systems, and it has
been verified that it can accurately predict such physical and
chemical systems.***® Additional information on the definition
and more perception of the ReaxFF force field can be found in
ref. 60. Note that the C-C bond length of Gr was computed as
~1.45 A; C-C, C-H, and O-H bond length of GO had been
estimated as ~1.43 A, ~1.05 A, and ~0.95 A, respectively, which
show excellent endorsement with prior first-principles calcula-
tions.** Besides, the lattice constant of Li was also anticipated to
be ~3.55 A, which is also in good agreement with previous
reports.®” Hence, we can say that the force field can reasonably
capture the chemical events during the RMD simulations.
Analyses of all the reaction processes of RMD simulations
with the aforementioned ReaxFF reactive force field were con-
ducted with an open-source LAMMPS® package using a canon-
ical NVT ensemble (constant number of atoms, constant
volume, and constant temperature). We used a Noose Hoover
thermostat with a damping coefficient of 25 fs.5** We preferred
the time step of 0.25 fs because the previous ReaxFF results
demonstrated that such a time step could accurately capture the
event during a chemical reaction.*®*>* While conducting all the
ReaxFF simulations, periodic boundary conditions were applied
in the X and Y directions, while a fixed wall boundary condition
was chosen along the Z direction.®® Note that the size of the bare
Li system was chosen as 6.4 nm x 6.4 nm x 3.5 nm, and 400 O,
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molecules and 400 H,O molecules were added during the
simulations (Fig. 1). During the reaction process of Li/O,/GO, 10
and 16 GO sheets were added, corresponding to 6.25 wt% and
10 wt%, respectively. Also, note that the size of the Gr sheet
(single layer and bilayer) was chosen as 6.4 nm X 6.4 nm. It is
worth mentioning that the interlayer distance between each
layer of Gr has been considered as 0.35 nm. OVITO®* was used to
take all snapshots during the chemical reaction process in this
report.

3. Results and discussions
3.1 Oxidation performance of Li and Li/GO

First of all, we analyzed the bond population of Li-O and Li-H
as a function of time to illuminate the comprehensive reaction
process of Li/O, and Li/O,/GO (6.25 wt%), as well as the influ-
ence of GO on the oxidation rate of Li. Note that all the simu-
lations were performed at 1200 K. RMD snapshots in Fig. 2(a)
and (b), respectively, manifest the oxidation process of Li
without and with the presence of GO. Fig. 2(c) depicts the bond
population of Li-O for Li/O, and Li/O,/GO systems. As can be
seen from this graph, Li readily reacts with O,, which is char-
acterized by the formation of a large number of ionic bonds
between Li and O atoms within a few fractions of a picosecond
for both Li/O, and Li/O,/GO. To gain further insight, the relative
potential energy of bare Li was evaluated as a function of time
for Li/O, and Li/O,/GO.

Generally, metal oxidation occurs when an ionic chemical
reaction takes place on the surface of the metal in the presence
of 0,.% The metal, therefore, binds to the 0>~ and forms an
oxide layer.” Due to metals' low ionization energies, loosely
bound valence electrons, and low electronegativity, they readily
lose electrons to nonmetal atoms, rendering them highly reac-
tive.>%” It is noteworthy that Li tends to be the least reactive
metal in element group IA due to the proximity of the Li valence
electron to the atomic nucleus.>*® As compared to other

Graphene (Gr)

Fig. 1
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Graphene Oxide (GO)

Initial system of (a) Li/O5 (b) Li/O,/GO (c) Li/H,O (d) Li/Gr/O,, and (e) Li/Gr/H,0O, and schematics of (f) Gr and (g) GO.
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elements in Group IA of the periodic table, Li burns less
intensely in water than Na (sodium) and K (potassium),
rendering it a promising solid fuel.* Nonetheless, Li is readily
capable of forming ionic bonds with oxygen, which is also
apparent in our RMD simulations (Fig. 2). Basically, the ionic
bonds are formed between two atoms with a significant elec-
tronegativity difference.>* Since anions are relatively more
resilient than atoms, it would be much easier if the two types of
elements could cooperate and address their energy problem.>*”
To get more intuition on the reaction process, we can consider
the following reaction.!

2 Li(aq) +1 0, (g) — Li,0; AH = —598 KJ mol ™' (1)

The O atom receives two electrons from two Li atoms and
forms Li,O. Notably, this exothermic reaction releases a large
amount of thermal energy since the total energy of the products
is less than the total energy of the reactants. It is worth
remarking that exothermic reactions are ones that emit energy,
usually in the form of heat or light."* Fig. 2(d) evinces that
oxidation significantly reduces the potential energy of Li, which
is indeed converted to thermal energy. The specific energy of
this chemical reaction is ~43 MJ kg™"; that is, burning of only 1
kg of Li will release ~43 MJ energy. We note that Li is much
more reactive than Mg and Al.»* For instance, the specific
energy of Mg +1 0, — MgO; AH = —600 KJ mol " and 2Al + 3/2
0, — AlOz; AH = —1676 K] mol " is ~25 MJ kg™ " and ~32.3
M]J kg~ ', respectively. Mathematically, a huge amount of energy
can be obtained by burning just 1 kg of Li relative to Mg and Al,
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making it a promising solid fuel in spacecraft and areas where
mass reduction of vehicles is a major concern. As seen in this
figure, oxidation occurs spontaneously up to a small fraction of
time, ~12 ps. Thereafter, the oxidation process seems to be
stopped, as the bond population data does not differ over time.
This can be attributed to the formation of an oxide coating (a
passive film that serves as a shield to further chemical reactions
on the surface of Li), which prevents the incoming O, molecules
from coming into touch with the Li atoms, further clarified by
the RMD snapshot in Fig. 2(a and b).

Following, we studied the effect of GO on the oxidation
nature of Li/O,. As shown in Fig. 2, the addition of GO vividly
improves the oxidation rate of Li. As shown in Fig. 2(c), the
addition of GO dramatically increases the amount of Li-O
bonds produced during the oxidation of the Li/O,/GO system,
thus releasing more heat energy due to the creation of ionic
bonds between Li-O. This is further corroborated in Fig. 2(d),
which demonstrates that incorporating GO during the oxida-
tion of Li seems to reduce the potential energy of the bare Li
notably. Such a rapid decrease in potential energy caused by the
addition of GO can also be attributed to the extra bond forma-
tion between Li-H, which also releases a significant amount of
heat energy during the oxidation process, resulting in an overall
improvement of energetic efficiency. Although oxidation of bare
Li appears to be halted after a few fractions of time, ie., the
bond population of Li-O becomes constant due to the creation
of the oxide coating on the Li surface, the addition of GO
establishes a new reaction route between Li and O,, allowing
further O, molecules to come in contact with Li during the
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——Li-0, Lil0,/GO
——Li-H, Lil0,/GO
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Fig.2 RMD snapshots during the oxidation of (a) Li/O5, (b) Li/O,/GO. Variations of (c) bond population and (d) relative potential energy with time.
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Graphene Oxide (GO)

Fig. 3 RMD snapshots with zoomed inset during the oxidation of Li/O,/GO at different time stages. Note that RMD results indicate that the
addition of GO effectively prevents the formation of the passive layer on the Li surface during the oxidation process.

simulation process. This is endorsed by Fig. 2(c) and (d), which
depict the exponential growth of Li-O bonds or exponential
decay of potential energy of Li with time.

It is worth noting that O, molecules hardly penetrate the
inner layer of the Li compared to the Li/O,/GO system. There-
fore, surface functional groups like epoxy (-C-O-C-), hydroxyl
(-OH), and carboxyl (-COOH) make GO an excellent candidate
for coordinating Li and O, molecules; additionally, GO serves as
an effective anchoring site for immobilizing various catalytically
active species.”””*% Indeed, the surface of GO is decorated with
at least five distinct O-containing functional groups, namely
carboxyl (-COOH), hydroxyl (-OH), carbonyl (-C=0), epoxy
(-C-0-C-), and ketone (-C=0).”*® These oxygenated groups
endow four types of catalytic activity to GO such as (1) their
acidic characteristics facilitate acid-catalyzed reaction; (2) their
intermediary state interacts with oxidants, assisting in the
acceleration of oxidation reactions; (3) their nucleophilic
behavior facilitates binding reactions; and (4) their ideal 7t-
conjugated form with significant deformities can stimulate
a variety of catalytic activities.>”*® Both the existence of O- con-
taining functional groups on the GO surface and the m-m*
network resulted in improved catalytic activity.”” The existence
of the -7 * network on the Gr surface facilitated the adsorption
of substrate molecules onto the catalyst surface, and the O,
functional groups stimulated the reaction.”” In fact, in our RMD
framework, GO serves as a bridge to connect Li and O, mole-
cules. The reaction of Li/O,/GO can be divided into the
following steps: (i) initial interaction between Li, GO, and O,
molecules; (ii) GO's penetrating into the sub-surface of bare Li;
(iii) preventing the creation of passive layer on the surface of

5462 | RSC Adv, 2022, 12, 5458-5465

bare Li; (iv) creating pores or cavities inside the Li that enables
further O, molecules to come in contact with the inner region of
Li. To gain more intuition on the oxidation of Li/O, and Li/O,/
GO, readers are referred to Movies 1 and 2 in the ESL{ In
addition, zoomed inset of the chemical reaction of Li/O,/GO at
different time stages is provided in Fig. 3. Also, the effect of the
concentration of GO has been added to the ESIt of this article.

3.2 Corrosion resistance of Li and Li/Gr against O, and H,O

In this segment, we examined the corrosion resistance of bare Li
and Gr-coated Li (Li/Gr) against O, and H,O molecules. All the
simulations were conducted at a temperature of 400 K. As
mentioned earlier, Li is highly reactive and readily interacts
with O, and H,O even at low temperatures. As can be seen in the
RMD snapshots of Fig. 4(a) and (b), Li is prone to corrosion
when exposed to O, and H,0, which is further evidenced by the
bond population data for Li-O in Fig. 4(e) and (f). The
advancement of next-generation batteries will necessitate the
development of sustainable metallic Li anodes. However, the
poor redox potential of Li renders it susceptible to corrosion,
which must be fully understood before it can be used in prac-
tical energy storage systems.

Gr's chemical inertness is noteworthy (even to the extremely
dangerous chemicals, such as HF), along with its imperme-
ability to fluids and gases, rendering it an attractive corrosion-
resistant shield material.** The key characteristics of a suit-
able corrosion-resistant surface barrier coating are (I) intrinsic
protection to deterioration in a hostile environment, (II) effi-
cient immunity to corrosive fluid penetration, and (III) struc-
tural stability over the coated component's expected lifespan.>

© 2022 The Author(s). Published by the Royal Society of Chemistry
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It is well known that carbon-based materials (like graphite) are
resistant to the majority of corrosive materials.>* Nonetheless,
due to their extreme brittleness, these materials are susceptible
to mechanical failure and therefore have little application as
coatings. A single layer of Gr, on the other hand, is confirmed to
be extremely tough. By virtue of their toughness, mechanical
stability, chemical inertness, and impermeability, the ultrathin
Gr film is the thinnest known corrosion-protective coating.*
Noticeably, oxidation of engineering alloys and energetic metals
is a perplexing challenge to overcome, and conventional
methods (such as appropriate alloying and coating) have only
yielded modest improvements.*® On the other side, a few layers
of Gr coating on metals have been revealed to improve corrosion
resistance significantly.’*”® Given the high cost of corrosion,

© 2022 The Author(s). Published by the Royal Society of Chemistry

novel approaches like long-term corrosion protection utilizing
a Gr coating on such alloys are highly enticing.****7°
Following that, we coated the Li surface with Gr (Li/Gr) and
performed entirely ReaxFF RMD simulations for 150 ps in the
presence of ample O, and H,O molecules to better grasp the
corrosion behaviors of Li/Gr/O, and Li/Gr/H,O. Interestingly,
when the Li surface was entirely coated with Gr, no corrosion
was observed, i.e., no reaction between Li with O, and H,O, as
clarified by the RMD snapshots in Fig. 4(c) and (d). Additional
evidence is provided in Fig. 4(e) and (f) by detailing the bond
population data between Li-O when the Li surface is fully
coated with Gr. Previously, Kirkland et al** compared the
corrosion resistance mechanisms of CVD Gr-coated Ni and Cu.
Also, Prasali et al. reported a seven-fold increase,* while Raman

RSC Adv, 2022, 12, 5458-5465 | 5463
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et al.*® recorded a two-order-of-magnitude improvement. Inter-
estingly, Prasai et al.*>*® demonstrated that multilayer Gr sheets
deposited on Ni using the CVD route minimize corrosion by
a factor of twenty, which is far more than that claimed by
Kirkland et al.** These prior studies are in excellent congruence
with our ReaxFF RMD simulations concerning the superior
corrosion resistance of Gr coatings.

The enhanced corrosion resistance could be ascribed to the
exceptionally chemical inertness of Gr, thanks to its strongly
coupled P, molecular orbital remaining stable in a delocalized =
bonding system, preventing Gr from forming covalent bonds
with guest molecules.****” Such an outstanding immunity to
corrosion leveraging Gr coating can also be credited to its supe-
rior mechanical strength and durability even at extremely high
temperatures.*>**”® Therefore, it can be inferred that Gr coatings
can be applied to metal surfaces to effectively impede oxidation
and corrosion owing to their chemical inertness as well as high-
temperature endurance. Readers are directed to Movies 3 and 4
in the ESIT for a better understanding of the corrosion resistance
of Li/Gr/O, and Li/Gr/H,0. Also, the effect of thickness of Gr
sheets has been added to the ESIT of this article.

4. Conclusions

In this assessment, we used ReaxFF-based RMD simulations to
analyze the oxidation characteristics of bare Li/O, and the ways in
which the oxidation efficiency and corrosion resistance of Li can
be engineered by utilizing GO (Li/O,/GO) catalysts and Gr coat-
ings, respectively. Notably, our computed bond length data of Gr
and GO, and the lattice parameter of Li showed excellent agree-
ment with the literature. First, we exhaustively analyzed the
oxidation process of Li/O, and Li/O,/GO at 1200 K. The oxidation
mechanism is observed to halt after a brief period of time owing
to the formation of a passive oxide film on the Li surface, which
prevents the incoming O, molecules from interacting with Li
atoms. By comparison, the addition of GO creates a new reaction
pathway between Li and O, and promotes further adsorption of
0O, molecules on the Li surface, significantly increasing the
oxidation efficiency. Afterward, we examined the corrosion resis-
tance of bare Li and Gr-coated Li (Li/Gr) against O, and H,O
molecules at 400 K. It is observed that Li reacts readily with O, and
H,0 and is prone to corrosion even at low temperatures.
Remarkably, when the Li surface was fully covered with Gr, no
corrosion occurred even in the presence of high concentrations of
0, and H,0, indicating that Gr acted as an outstanding corrosion-
protective shield owing to its chemical inertness, toughness, and
impermeability. As such, this study provides a comprehensive
guideline for engineering the oxidation efficiency and corrosion
resistance of Li-based systems, which are crucial for the successful
utilization of Li as a solid fuel in submarines, spacecraft, and next-
generation energy storage systems.
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