Materials & Design 217 (2022) 110605

Contents lists available at ScienceDirect = materials

Materials & Design

journal homepage: www.elsevier.com/locate/matdes

Atomic-scale understanding of oxidation mechanisms of materials by
computational approaches: A review

Check for
updates

Xingfan Zhang *™!, Peiru Zheng®', Yingjie Ma?, Yanyan Jiang **, Hui Li **

2Key Laboratory for Liquid—Solid Structural Evolution and Processing of Materials, Ministry of Education, Shandong University, Jinan 250061, China
b Kathleen Lonsdale Materials Chemistry, Department of Chemistry, University College London, 20 Gordon Street, London WC1H 0A], UK

HIGHLIGHTS GRAPHICAL ABSTRACT
« Various computational techniques are

widely used in modelling the atomic- o S esee .

idati ials. % 00060% ‘

scale oxidation of materlals. 00900090 00000000 c‘:o;\oéTOO
« Defects play a central role in 250 8‘53';? 900000000,

determining oxidation kinetics and 80663338806006069:6.0

i 000.000006006000000

oxide .growtl.l patterns. . &£ 0498044 <]
« Low-dimensional materials could © oz%{i ) 2

have distinct oxidation mechanisms E st eeece 062:%:%:% g

compared with their bulk 0000000600006 0 005030 —

counterparts, resulting in novel )

nanostructures.
« Current challenges and future

prospects of computational modelling DFT’_ R_’?aXFF’ MD, GCMC' ML, _ . _

of surface reactions is discussed. ab initio thermodynamics, ... Advanced oxide materials
ARTICLE INFO ABSTRACT
Article history: The urgent requirement of minimising the worldwide cost of corrosion, accompanied by the increasingly
Received 1 December 2021 pivotal role of advanced oxide materials, highlights the importance of understanding the mechanisms of

Revised 14 March 2022
Accepted 28 March 2022
Available online 29 March 2022

material oxidation at the atomic level, which could help us to precisely control the oxidation processes.
Nowadays, we are able to model and predict how the surface structures of materials evolve during oxida-
tion based on the cross-fertilisation of various computational techniques. This review first overviews the
state-of-the-art first-principles and force-field-based approaches for modelling surface reactions. Then,
classical theories and recent advances in understanding the atomic-scale oxidation of bulk materials
are introduced, from the initial solid-gas interactions to the subsequent oxide film growth. Defect-
promoted oxidation mechanisms will be discussed in detail. Finally, distinct oxidation mechanisms of
nanomaterials are discussed, including nanoparticles, nanowires, and two-dimensional materials, which
are significantly different from their bulk counterparts and could result in novel oxide nanostructures with
unique properties. This review provides a systematic overview of the central role of computational tech-
niques in probing the atomic-scale oxidation mechanisms, which could further guide the synthesis of
oxide-based cutting-edge materials such as ultra-thin oxide films and hollow oxide nanostructures.
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1. Introduction

As one of the most important physicochemical processes in nat-
ure, oxidation occurs as discrete, atomistic events that involve the
molecular adsorption on solids, forming and breaking of chemical
bonds, atomic diffusion, and reconstruction of surface structures.
In the precomputation era, it was nearly impossible to explore
these atomic-level reactive events on material surfaces without
modern in situ characterisation techniques. Physical models and
theories on solid-gas interactions were also greatly restricted by
the lack of accurate experimental data. However, with great effort
and imagination, many outstanding experimentalists and theorists
explored the mechanism and real-time process of oxidation and
met with awe-inspiring achievement. Cabrera and Mott [1] pro-
posed a reasonable explanation for the metal oxidation in 1949,
which solved the problems of the kinetics and driving force of
the low-temperature oxide film growth on metal surfaces as
observed in many experiments. Their theory has been widely
accepted and extended to a wide range of systems such as
nanoparticles, nanowires, and liquid metals, which significantly
inspired the continuous studies of oxidation mechanisms and
oxidation-based material synthesis methods [2-9].

Oxidation is traditionally regarded as a costly and detrimental
event usually linked with corrosion and materials degradation,
which could result in severe consequences such as economic loss,
environmental pollution, and casualty accidents [10,11]. Anti-
oxidation and corrosion protection have become critical concerns
in not only metallic materials but also novel technological fields
such as perovskite solar cells [12] and catalysis [13,14]. On the
other hand, oxidation can be valuable under controlled circum-
stances, which is one of the crucial techniques for fabricating
cutting-edge oxide-based materials. For example, ultrathin oxide
films have aroused considerable interest in electronics and spin-
tronics [15], in which photon-assisted oxidation is a promising
technique to control the oxygen non-stoichiometry [16]. Recently,
liquid metals are also identified as ideal platforms for direct syn-
thesis of two-dimensional (2D) oxides, in which Cabrera-Mott the-
ory remains valid [8,17,18]. Hollow and nanoporous metal oxide
nanostructures can be synthesised through the oxidation-induced
Kirkendall cavitation process, which can be used in energy harvest-
ing and conversion applications [19-22]. Oxide nanowires can also
be grown on metal substrates during controlled oxidation [23].

Despite the great advances that had been made, the detailed
understanding of material oxidation at the atomic level was still
lacking. In particular, how oxygen interacts with materials and
affects their properties remained elusive, which is the key to devel-
oping next-generation anti-corrosion materials with enhanced

protective performance and advanced electronic devices with
excellent chemical stability [24-27]. For instance, oxygen has been
found to damage the chemical stability of hybrid organic-inorganic
perovskites but enhance the charge carrier lifetime [26,28,29].
Recently, non-oxidised bare Cu nanoparticles have been achieved
with the assistance of surface-accumulated excess electrons that
suppress oxygen adsorption, which initiated a new phase for
replacing noble metals in catalytic applications [30]. However,
the existing experimental approaches play a limited role in reveal-
ing the atomic-scale oxidation mechanisms. In recent years, vari-
ous state-of-the-art computational approaches have been
developed and improved in response to the proper time and
conditions.

In the past few decades, with the rapid development of com-
puter hardware, quantum mechanics (QM), and modern algo-
rithms, computer modelling provides the capacity to model,
probe, and analyse physicochemical reactions, making it possible
to visualise the atomic-level reaction processes in real-time and
predict the accurate energetics during the reactions. Computa-
tional approaches rapidly extended to all areas of chemistry and
have been helping us answer unresolved questions about physico-
chemical phenomena and develop new theories. Without costly
experiment conditions, computational approaches enable us to
design advanced molecules and novel materials for various appli-
cations in a high-throughput way. A variety kinds of modelling
methods have emerged and been widely employed, such as QM
calculations, density functional theory (DFT) calculations [31,32],
molecular dynamics (MD) simulations [33], Monte Carlo (MC) sim-
ulations [34], ab initio molecular dynamics (AIMD) [35], ab initio
thermodynamics [36], QM/MM calculations [37], each elucidating
its own advantages and speciality. Unlike typical chemical reac-
tions, modelling the oxidation of materials requires relatively large
model systems and should cover rather a long timescale to under-
stand the dynamic oxide growth process. At present, there is no
single modelling technique that can cover all the time and length
scales within reasonable computational cost and at a high level
of accuracy, and one must make use of multiscale methods in prac-
tical circumstances.

In this review, we start by introducing a series of computational
techniques that are relevant to modelling the oxidation of materi-
als, including their fundamental concepts and applications. Then,
the fundamental oxidation mechanisms of bulk materials will be
reviewed from the classical Cabrera-Mott theory to recent
advances. The initial stage of surface oxidation, i.e., from the
solid-oxygen interaction to the surface reconstruction, will be sys-
tematically introduced at the atomic level. Finally, the oxidation
mechanisms of nanomaterials, including nanoparticles, nanowires,
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and Two-dimensional (2D) materials, will be discussed and com-
pared with bulk oxidation. Our review would provide a systematic
overview of the central role of computational techniques in prob-
ing the atomic-scale oxidation mechanisms, which are ceaselessly
offering theoretical guidance to the synthesis of cutting-edge
oxide-based materials.

2. Computational techniques for atomistic simulations of
oxidation

Before the invention of computers, most scientists conducted
experiments or theoretical analysis to understand the structures
and properties of materials. Using modern computational tech-
niques, we are now able to predict the structure-property relation
of an unknown material prior to the experimental discovery, eval-
uate their dynamic behaviours under a physical process or chemi-
cal reaction, and design novel materials in a high-throughput way.

With the staggering development of computer hardware, QM
theories, and modern algorithms, computer modelling has become
an indispensable part of materials science research to interpret,
guide, and predict experiments. The field of computational materi-
als science is now integrated with various modelling techniques at
multiscale. Several representative modelling methods are listed in
Fig. 1 with their suitable ranges of applications. In general, one of
the most prominent features of computer modelling is that
increasing the time or length scales usually results in the loss of
computational accuracy. There is no single technique that can
cover all the time and length scales within reasonable computa-
tional times, and each method has its expertise in solving particu-
lar problems. Next in this section, some typical computational
techniques will be elucidated according to the order of modelling
scale, from the tiny one to the larger.

Electronic structure techniques allow us to accurately antici-
pate the structures and properties of most materials. However,
the full QM description of multi-electron systems is too complex
and approximations must be included in such calculations. There-
fore, QM calculations are usually performed in systems with less
than hundreds of atoms to predict the ground-state structures
and properties of materials. Calculations based on the DFT
[31,32] and transition state theory [43] further enriched their
applications in chemical reactions. DFT has become a standard tool
that is widely used by numerous researchers in various disciplines.
However, DFT still has limitations due to its mathematical com-
plexity. Traditional DFT calculations correspond to zero-

Continuum
FEM, FD,
rate theory

ms -+

ReaxFF,
AIMD,

Time scale

Length Scale

Fig. 1. Computer modelling methods in materials science at different time and
length scales [38-42].
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temperature and zero-pressure conditions. Ab initio thermodynam-
ics extend DFT results to the finite temperature and pressure con-
ditions encountered in experiments based on free energy
calculations, which are particularly useful for predicting surface
structure stability under reaction conditions [44-46]. At the cur-
rent stage, calculations of tens of atoms are routine, and hundreds
of atoms or more are possible on high-performance computing
(HPC) platforms. However, researchers are always interested in
probing complex materials, macromolecules, defects, and multi-
phase interfaces, as well as their dynamic behaviours far away
from the equilibrium states. Therefore, computational materials
science starves for methods suitable for larger scale, in response
to which MD simulation emerges at the exact moment.

Based on interatomic potentials, MD simulation [33] can be
employed to obtain the trajectories of multi-atomic systems under
a physical or chemical process, dealing with thousands, millions,
even billions of atoms [47], ranging from femtosecond (fs) to
microsecond (ps) [48] in the time scale. MD simulation calculates
the real-time trajectories of multiple interacting particles during a
dynamic process, enabling one to visualise the atomic motion in
silico. It is a versatile tool with broad applications in areas such
as materials science, condensed matter physics, chemistry, biology,
and pharmacy. In materials science, we can employ MD simula-
tions to anticipate the structures and properties of materials at
the equilibrium state, as well as investigate the dynamic phenom-
ena that happened inside or on the surface of materials, such as dif-
fusion [49,50], phase transition [51], interfacial phenomena [52],
and defect dynamics [53].

In recent years, MD simulation has become increasingly mature.
A variety of open-source packages for both performing and visual-
ising MD simulations have been developed. The development of
new types of interatomic potentials such as the charge transfer
ionic potential (CTIP) potential [54] and reactive force field
(ReaxFF) [55,56] has extended the scope from purely physical sys-
tems to reactive systems. The establishment of HPC platforms and
GPU acceleration algorithms has led to the successful modelling of
mesoscale systems containing billions of atoms [47,57]. Genetic
algorithms, deep learning, and machine learning (ML) techniques
have created new paradigms to develop advanced interatomic
potentials with improved accuracy [58-60]. MD simulation has
revolutionised the research work in materials science and is keep-
ing contributing to addressing the key problems from an atomic-
scale perspective.

Traditional force fields cannot model chemical reactions
because of the lack of an appropriate description of the chemical
bond forming and breaking in a reactive event. The development
of the ReaxFF is targeted at this limitation and has successfully
helped bridge the gap in the simulation scale (Fig. 1) by explicitly
describing the bond activity and charge transfer. The ReaxFF
method was initially proposed by van Duin [55] in 2001 to model
hydrocarbon reaction, which has now been extended into a wide
range of reactive systems. The application of the ReaxFF MD simu-
lations (ReaxFF-MD or RMD) enables one to monitor the dynamic
evolution of a reactive system at the atomic scale, with broad
applications as wide range as oxidation, reduction, corrosion,
heterogeneous catalysis, conformational dynamics of biomole-
cules, and liquid-solid interfacial phenomena [56,61-67]. Many
ReaxFFs have been developed targeting at studying the atomic-
scale oxidation of materials, such as carbon materials [68], Si
[69,70], SiC [71], SiO, [72], SisN4 [73], Pd [74], Pt [75,76], Ni [77],
Cr [78], Al [79,80], Ge [81,82], Fe [83], Cu [65], Ag [84], Au [85],
MoS, [86], and Mxenes [87]. The ReaxFF-MD simulation has been
implemented in the open-source LAMMPS code [88]. ReaxFFs can
also be applied to grand canonical Monte Carlo (GCMC) simula-
tions for predicting the structure and phase stability of materials
under reaction environments [89-92]. ReaxFF-based nudged elas-
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function (ECW)

Table 1
Recent advances in modelling atomic-scale oxidation of materials using various computational approaches.

System Research focus Computational approaches Ref.

Fe nanoparticles Formation of hollow oxide nanostructure ReaxFF-MD [19]

Si, bulk and nanowires Dynamical oxidation mechanism ReaxFF-MD [104]
Al/graphene oxide Ignition and combustion ReaxFF-MD [105]
Al, bulk Formation of oxide bifilms ReaxFF-MD [106]
Ti3C; MXene Environmental effects in oxidation ReaxFF-MD [107]
Al nanoparticle (ANP) Structural evolution during oxidation ReaxFF-MD [108]
Nb, bulk Oxygen embrittlement MD + DFT [109]
Ag(111) and Ag(001) Ag-0 and Ag-S reactions ReaxFF-MD + DFT [110]
Ta, bulk Force-field development CTIP-MD [111]
Cu-Hf alloy Force-field development CTIP-MD [112]
Si, bulk Amorphous-structure-promoted oxidation ReaxFF-MD [93]

Graphene Effects of defects in oxidation ReaxFF-MD [96]

ZrS,Se,_x and MoS, Dynamical oxidation mechanism ReaxFF-MD + DFT [113]
Tin+1Cn Mxenes Dynamical oxidation mechanism ReaxFF-MD + DFT [95]

Cu nanoparticles Dynamical oxidation mechanism ReaxFF-MD [114]
Diamond surfaces Hummer’s method ReaxFF-MD [115]
Cu(111) Corrosion inhibitor molecules ReaxFF-MD + DFT [116]
Carbon fibre and char Dynamical oxidation mechanism ReaxFF-MD [117]
Pt(111) Oxide film growth ReaxFF-GCMC [92]

Ag(111) Surface phase diagram prediction ReaxFF-GCMC [118]
Pt nanoparticles Degradation of Pt nanoparticle electrocatalysts ReaxFF-GCMC + ReaxFF-MD + DFT [91]

Pt nanoparticles Oxygen adsorption on high-index facets ReaxFF-GCMC + ReaxFF-MD [119]
ZnO Stability of polar oxide surfaces DFT + MC [120]
Ag(110) 0, dissociation and adatom extraction DFT [121]
Wourtzite AIN(0001) 0O, adsorption mechanism DFT [122]
Ni-Cr alloy Water-vapour-promoted oxidation DFT [123]
Mg Electrochemical corrosion DFT [124]
Au(111) K atom promotion of O, chemisorption DFT [125]
Cu, bulk Surface modifcations for anti-oxidation DFT [25]

Nanotwinned Ag and Pd Site-selective effects of stacking-faults and twin boundaries DFT [126]

in oxidation

Si, bulk Oxygen segregation in grain boundaries DFT [127]
Cu(100) Unusual layer-by-layer growth mechanism DFT [128]
Cu nanoparticles Non-oxidised state with excess electrons DFT [30]

Mg-Ca alloy High-temperature oxidation mechanism DFT [117]
Pd(100) and Pd(111) 0, dissociation and Hot adatom diffusion DFT + AIMD [129]
Al(111) Oxidation protection with amorphous surface oxides DFT + AIMD [130]
CH5NH;3Pbl; Effects of surface superoxide/peroxide DFT + AIMD [26]

Fe.28C00.21Nip20CUo.08Pto 23 high-entropy alloy Dynamical oxidation mechanism DFT + AIMD + MC [131]

nanoparticles
Cu clusters Oxidation and cluster fluxionality DFT + AIMD [132]
CeO, Stability of polar oxide surfaces DFT + ab initio thermodynamics [133]
TiO, Predicting monolayer oxide stability DFT + ab initio thermodynamics [134]
Ir surfaces Oxide stability and catalytic activity DFT + ab initio thermodynamics [135]
Ws50,4 and W04 Phase stability under gas- and solution-based synthesis DFT + ab initio thermodynamics [136]
environment
Pt(111) Thermodynamics of PtO, stripe formation DFT + ab initio thermodynamics [137]
Cu, bulk Multiple environmental factors in oxidation and corrosion DFT + ab initio thermodynamics [138]
Cu(111) Early stage oxidation mechanism DFT + ab initio STM simulation [139]
Monolayer metal oxides Descriptor discovery DFT + ML [140]
Cu nanoclusters Structural evolution during oxidation DFT + grand canonical basin hopping [141]
(GCBH)
Al(111) Activation barrier for O, dissociation DFT + Embedded correlated wave [142]

tic band (NEB) calculations can be used for finding the transition
states and minimum energy paths in the reactions [75,93-96].
Additionally, charge-optimised many-body (COMB) potential is
another force field employing the bond order dependent approach
and has been adapted to several metal-oxide systems [97-99].

At larger scales, MC [100] techniques could further extend the
simulated systems to the mesoscale. In macroscale modelling,
atoms are no longer viewed as the basic constitutional unit.
Instead, continuum-based methods such as phase-field simulation
[101] and finite element modelling (FEM) [102] play more impor-
tant roles in solving industrial problems, such as alloy solidifica-
tion, materials forming, and welding. Machine learning
technology has recently established an entirely new framework
to quickly and efficiently screen for new materials with desired
properties and functions [103]. The cross-fertilisation of different
computational techniques provides valuable solutions to funda-

mental materials science and engineering problems, which has
substantially accelerated our understanding of solid-state science
and contributed to the development of cutting-edge materials. In
Table 1, we summarised the recent advances over the past few
years in modelling the oxidation mechanisms of solid materials
using various computational approaches.

3. Overview of oxidation of bulk materials at the atomic scale
3.1. Cabrera-Mott theory

Many solids get oxidised, rusted, burned or decomposed when
exposed to air or water since antiquity. In the 19th century, scien-
tists began to realise that these phenomena stem from the rear-
rangement of surface atoms driven by chemical reactions.
Scientists had always dreamed of observing these phenomena at



X. Zhang, P. Zheng, Y. Ma et al.

an atomic level in real-time. However, the resolution of character-
isation techniques is not high enough to this dream up to date.
Theorists also proposed several physical models to describe the
oxide growth phenomena. One of the most well-known theories
was proposed by Cabrera and Mott [1] in 1949, which solved the
problem of the kinetics and driving force of the low-temperature
oxide film growth on metal surfaces.

Fig. 2 shows the schematic diagram of the Cabrera-Mott model.
Fig. 2a-b illustrates the positions of electronic levels in the metal,
oxide, and adsorbed oxygen layers before and after the equilib-
rium. The primary assumption of this model is that electrons can
freely ionise the adsorbed oxygen atoms/molecules, resulting in a
uniform electric potential in the growing oxides. This electric
potential is called Mott potential V,;, which is established by the
negatively charged oxygen anions and the positive surface charge
of the metal. Because the thickness of the oxide film x is rather
small at the initial stage of oxidation, the electric field F = Vy/x
can be very strong [1]. In the Cabrera-Mott theory, oxide growth
proceeds by cation migration between the interstitial sites at the
metal/oxide interfaces. The initial migration to cross the metal/ox-
ide interface requires an activation energy W, which is much
higher than the subsequent migration barrier in the oxide layer,
as the potential energy diagram shown in Fig. 2c. The Mott poten-
tial significantly reduces the migration barriers by 1/2qaF, where q
is the atomic charge, a is the jump distance between two intersti-
tial sites. Consider the Arrhenius relation between rate constant k
and barrier.U

k = Aexp (fKUJ (1)

where A is the Arrhenius constant, kg is the Boltzmann constant, T is
the temperature. The oxidation rate is significantly enhanced when
the barrier is reduced.

Cabrera and Mott also proposed that the rate-determining pro-
cess for the oxide film growth is the introduction of point defects at
the metal/oxide or oxide/gas interfaces because this process has
the highest activation barrier. This is divided into two situations,
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as shown in Fig. 2d-e. When a defect is injected at the metal/oxide
interface (Fig. 2d), it can be an interstitial metal ion or an oxygen
vacancy. For example, the reaction for the former type can be

. . Ah. g ;
described as: Mmetary — M,-(oxide) + 2€ (metal) + V(metay- Due to the exis-

tence of the Mott potential, the migration barrier is lowered by
1/2qaF, and the velocity for the cation migration becomes.

-~ U qaF
k = Aexp (f W) exp (m) (2)
The rate of oxide film growth is then given by.
dx D; qaF
dat~a %P <2kBTx> 3)

where D; is the atomic diffusion coefficient. Define x; = qaF/2kgT.
When the oxide film thickness x is much smaller than its limiting
thickness x;, we obtain the inverse logarithmic rate law for the
oxide film growth.

X _ Bﬁcﬂ
L

(4)

When a defect is introduced at the oxide/gas interfaces (Fig. 2e),
the defect type can be the metal vacancy or oxygen interstitial. The
defect reaction for the formation of metal vacancy is:

My, + O’(;urfam) — V&M 4 MO. Only the metallic cations that combine
with surface 0~ anions within one jump can participate in this
reaction. Therefore, the oxide growth rate is determined by the
average coordination number N of metallic ions with oxygen,
which is given by.

dx NeggF D; qaF
—= —exp

dt 2eNsx a 2kgTx

()

where ¢ and & are the dielectric constants for the metal and vac-
uum, e is the modulus of the electronic charge, N; is the total num-
ber of ions per unit surface area. The limiting thickness of the oxide
film, in this case, is smaller than the first one.

(b)
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X
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Fig. 2. The Cabrera-Mott model. (a) The electronic levels before the electrons have passed through the oxide. (b) The electronic levels when the equilibrium state is reached.
(c) Potential energy barriers for cation migration with and without the presence of electric field. Possible reaction pathways for the point defect migration (d) At the metal/

oxide interface and (e) at the oxide/gas interface [1,143,144].
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In addition to the Cabrera-Mott theory, there are also plenty of
kinetic models proposed for describing the oxide film growth
[144]. It is vital to understand that oxidation of metals is a complex
physicochemical process and can be affected by various intrinsic
(local atomic structure, chemical composition, defects, and impuri-
ties) and environmental factors (temperature, pressure, humidity,
and external fields). Each kinetic model may only be used to
describe the oxidation of a limited range of metals in a particular
reaction environment. Using in situ observation techniques and
modern computational modelling methods, we are now able to
visualise the atomic rearrangement during oxidation. The combi-
nation of experimental and theoretical techniques has been
unceasingly improving our knowledge, fabricating new theories,
and accelerating industrial production.

3.2. Modelling solid-oxygen interactions and the oxide film growth

The oxidation of general materials can be divided into two
stages. In the initial stage, the incorporation of oxygen atoms
results in the rapid formation of a monatomic layer of ‘pseudomor-
phic’ oxide (usually <1 s) [1]. Afterwards, the oxide film slowly
grows steadily and eventually reaches the limiting thickness,
which could last several days. The second stage is controlled by
the rate of some basic physical and chemical steps, such as ion
migration, electron transport at the interface, or electron transfer
during the chemisorption. Cabrera-Mott theory that describes the
oxide film growth actually focuses on the second stage.

At the beginning of oxidation, oxygen molecules first adsorb on
the surface and dissociate or partially ionise. The dissociated oxy-
gen atoms then undergo surface reconstruction by diffusion [143].
The adsorption energy E.4, which is the key property to describe
the adsorption process, is defined as.

Eqq = Eolig—gas — (Esolid + Egas) (6)

where Epetqr_gas 1S the energy of the bound complex after adsorption,
Esoia and Egqs are the energies of the isolated slab and gas molecule,
respectively. According to this definition, a positive value indicates
that the adsorption process is endothermic, while a negative value
represents an exothermic process. Nagrskov and co-workers have
established a widely accepted d-band centre theory based on DFT
calculations that demonstrates the linear relationship between
the activity of transition metal surfaces, adsorption energy, and
electronic structures [145-147]. Based on this theory, the strength
of O adsorption on transition metal surfaces is solely determined
by the position and width of metal d-states in the energy levels
[146,148]. Therefore, the resistance to oxidation and catalytic activ-
ity of metal or alloy surfaces can be accurately predicted and quan-
tified using DFT calculations. The adsorption of O, on metal surfaces
is coverage-dependent. The adsorption energy of O, on metal sur-
faces usually exhibit a rising trend with the increase in coverage
due to the repulsive nature of the adsorbate-adsorbate interactions
[149]. Therefore, as the oxide film grows, the heat supplied by oxy-
gen adsorption gradually decreases that finally cannot overcome
the reaction barrier, resulting in a limiting thickness of the oxide
film [4]. In addition, the adsorption energy is also sensitive to sur-
face defects. The O atoms could interact with metal atoms more
strongly when vacancies are introduced [150].

Many experimental observations confirmed that oxidation-
derived thin oxide films formed on many types of bulk materials
(Al, Zn, Fe, Cr, Zr, Ti, Ta, Si etc.) have a ‘pseudomorphic’ form as
illustrated by Cabrera and Mott [1]. The term ‘pseudomorphic’
were further known as ‘amorphous’ [151], suggesting that these
oxide films do not have periodically repeated units in their atomic
structures, which is different from the thermodynamically more
stable crystal oxides. Conventionally, it is known that amorphous
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structures have higher energy than their crystalline counterparts
with the same type of components. Why do the surface oxide films
prefer to have a metastable amorphous structure? The formation of
amorphous structures has long been regarded as a kinetic phe-
nomenon. For example, liquids can solidify in two different ways.
Crystalline structure with long-range order is formed at low cool-
ing rates, while metastable amorphous structures without long-
range order can be formed at high cooling rates [152-154]. How-
ever, the formation of surface amorphous oxides is in another pic-
ture. Jeurgens et al. [155-157] proposed a thermodynamics
framework to clarify that the formation of amorphous oxides on
surfaces is actually controlled by thermodynamics (Fig. 3a). While
amorphous oxide films have higher bulk Gibbs energy, the energy
difference with crystal structures can be compensated by the more
negative surface and interface energies within a certain critical
oxide-film thickness. The critical thickness is dependent on the
materials types and surface orientation. Moreover, when the oxide
film grows beyond the critical thickness, large activation energy is
still required to complete the amorphous-to-crystalline transition
so that the oxide film retains the amorphous phase. This conclu-
sion is verified in our recent ReaxFF-MD study on the oxidation
of silicon, in which a very high temperature (greater than1500 K)
is needed to initiate the crystallisation of the amorphous surface
oxides [93]. Recently, Aykol and Persson [130] combined DFT and
AIMD calculations to illustrate the initial phase selection during
the oxide growth on the Al(111) substrate. The optimised config-
urations of the oxide films with different thicknesses composed
of the corundum (o-Al;O3), spinel (y-Al;03), and amorphous
(am-Al,03) structures are shown in Fig. 3b. It is concluded that
when the oxide film is less than 1 nm, the amorphous structure
is the most stable phase; when the thickness is greater than
1 nm, the y phase becomes more stable; the most stable phase
of bulk alumina has the a-corundum structure (Fig. 3c). In addi-
tion, the atomic structure of the y-phase oxide film on the Al
(111) substrate is highly distorted, with randomly distributed
four-coordinated and five-coordinated Al-O polyhedron units
(compared with an ordered mixture of four-coordinated and six-
coordinated Al-O polyhedrons in bulk y-Al,03). The close-packed
O framework is lost, and the structure becomes nearly
“amorphous-like” (Fig. 3b). This work provides a quantitative
understanding of the structural evolution rules in the growing
oxide films.

Materials are not always perfect at the atomic scale, with vari-
ous structural defects such as vacancies, interstitials, dislocations,
grain boundaries, and step edges. The formation energies of those
defects on the surfaces are usually lower than in bulk, which could
become the active sites and change the oxidation mechanisms.
Many computational studies have indicated that oxidation mecha-
nisms and kinetics are highly correlated with the local disordered
structures in materials such as vacancies [77,109], grain boundary
[110,127,158], step edge [64,128,159], nano-trench [160], alloying
[112], and amorphous structure [93]. Computational studies
revealed that O atoms are strongly coupled with the vacancy sites
and voids in metals which significantly facilitate the inward diffu-
sion of O atoms during oxidation [77,109]. The ReaxFF-MD simula-
tions performed by Zou et al. [77] showed that oxygen ions
spontaneously diffused and gathered near the voids in bulk Ni,
which initiated the oxide nucleation. Grain boundaries are also
known as a key promoter to the oxidation process, which is one
of the main causes of intergranular embrittlement
[96,110,126,127,161,162]. External factors on the oxidation kinet-
ics were also studied, such as temperature [104], pressure [108],
external fields [2,16], and humidity [123].

Step edge is a common defect that usually exists between dif-
ferent facets, especially on the surfaces of nanomaterials. On the
step edges, under-coordinated atoms are piled up into terrace-
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like surfaces. Yang et al. [64,128,159,163-167]| combined in situ
environmental transmission electron microscopy (ETEM) observa-
tions with modern computational techniques to study the early-
stage oxide nucleation and growth on Cu stepped surfaces. An unu-
sual layer-by-layer growth mechanism of Cu,0 nano-island was
found due to the existence of surface steps that contradicts to clas-
sical theories (Fig. 4a-g) [128]. Oxidation of stepped Cu surfaces
through the formation and growth of Cu,0 islands on flat terraces.
After the formation of islands, the dissociation of O, on Cu is no
longer energetically favourable, which transfer to Cu,O surfaces
and supply diffusing O atoms (Fig. 4e). The surface steps then
become the source of Cu adatom diffusion that drives the forma-
tion of Cu,0 islands (Fig. 4f), which could bypass the normal recon-
structive adsorption or subsurface oxygen incorporation, resulting
in flattened metal-oxide interfaces [128,163]. When surface steps
are far away, Cu adatom will also be transported through the
vacancy-assisted interfacial diffusion (Fig. 4g). DFT calculations
and ReaxFF-MD simulations revealed that the facet-orientation-
dependent adsorption energy and oxygen diffusion barrier are
the key determinants of the oxide growth kinetics and quality
[64]. Several kinetic and thermodynamic descriptors were pro-
posed based on computational methods for predicting the oxide
growth preferences on stepped surfaces [64,165,167]. Recently,
they further bridged experiments and modelling to demonstrate
the uneven oxidation kinetics and surface reconstructions at the
surface steps [128]. It is concluded that Cu(100) strongly favours
the oxidation of upper terraces, while the preference on Cu(110)
depends on the oxygen concentration, as shown in Fig. 4h-j
[167]. These accomplishments are of great importance for
advanced science, such as anti-corrosion oxide film design, Cu-
based catalyst optimisation, and oxide nanodevice manufacturing
[168].

Computational methods such as DFT calculations and ReaxFF-
MD simulations are suitable to understand the early-stage oxygen
chemisorption and oxide nucleation mechanisms, while in situ
microscopies can further provide information on the later-stage
oxide growth kinetics. In recent years, the progress of developing
reliable interatomic potentials has been substantially accelerated
by novel algorithms such as machine learning, neural network,
genetic algorithms, and deep learning techniques [60,169-172],

which will undoubtedly promote the atomic-scale exploration of
more complex systems modelling oxidation, corrosion, and other
interfacial reactions. Experimental and theoretical approaches
working in tandem have significantly boosted our understanding
of the atomic-level mechanisms throughout the oxidation pro-
cesses, which is the key to the precise control of oxide nanostruc-
tures for functional applications [19,30,123].

4. Modelling oxidation mechanisms of nanomaterials
4.1. Oxidation of nanoparticles: Formation of various nanostructures

As nanomaterials often show new and unexpected features, oxi-
dation of nanomaterials often has unique characteristics with com-
plex mechanisms. Oxidation of nanoparticles can result in a
diversity of nanostructures. The most common configuration is
the core-shell structure (Fig. 5a). By utilising computational
approaches, the formation of the oxide shell on the nanoparticles
could be delicately observed in real-time. Cabrera-Mott model
can be applied to describe the oxide shell growth kinetics [173].
Importantly, the morphology, adhesion, composition, and porosity
of the oxide shell depend on various intrinsic factors of nanoparti-
cles such as the expansion ratio of materials caused by the inser-
tion of oxygen atoms, the reactivity and diffusivity of the
inherent elements, the initial geometry and surface structure of
the nanoparticle, which could all be demonstrated by simulations.
Fig. 5b shows the 3D structure evolution during the oxidation of Fe
nanoparticles, in which the upper figures are reconstructed from
experimental SAXS patterns while the bottom figures are from
ReaxFF-MD simulations [19]. In contrast to the formation of
core-shell structure in Fig. 5a, the oxidation of Fe nanoparticles
is a nanoscale Kirkendall process—the formation, growth, and coa-
lescence of small voids inside the Fe nanoparticles, which trans-
forms the solid nanoparticles into hollow oxide nanoshells. This
study suggests that defect formation and clustering play a critical
role in determining the formation of oxides on nanomaterials. It
is concluded that in a diffusion-limited oxidation mechanism,
when the oxygen atoms in the oxide layer diffuse faster than the
inherent atoms, the nanoparticles will grow into a core-shell struc-
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Fig. 4. Combining experiments with theoretical calculations to study the dynamic processes of oxide growth on Cu stepped surfaces. (a-d) ETEM observations of the layer-by-
layer oxide growth along Cu,O(110) during Cu(100) oxidation. The layer nucleation site (triangle) and growth direction (arrow) are indicated. Scale bar: 5 nm. (e-g)
Schematic of Cu,0 growth mechanism which demonstrates the role of surface steps on (e) the dissociation of O,, (f) Cu adatoms diffusion, and (g) vacancy-mediated interface
diffusion of Cu atoms. (h-j) Schematic of surface reconstruction on Cu(100) and Cu(110) surfaces affected by surface steps and O, concentration [128,167].

ture, just as the case in Fig. 5a. On the contrary, when the diffusion
of inherent atoms is faster, the overall mass transportation is out-
ward so that voids will be formed at the interface through the Kirk-
endall effect (Fig. 5b). Kirkendall effect was first observed in 1947
in bimetallic bulk diffusion couple [174], which revealed that the
difference in the diffusivity of metals could lead to the formation
of voids at the interface and further drive the interface immigra-
tion. Conventionally, Kirkendall effect is detrimental to the
mechanical properties of alloys, which should be overcome in met-
allurgical engineering. However, at the nanoscale, Kirkendall effect
is valuable in preparing nanocrystals with hollow or yolk-shell
structures, which have broad prospects in the field of energy stor-
age and conversion, such as lithium-ion batteries, supercapacitors,
solar cells, and photocatalysis [175-177].

On the surface of oxidised nanoparticles, large local strain fields
favour the formation of unstable metal/oxide interfaces that are
hard to relax [178]. Pratt et al. [179] reported an interesting mor-
phological change during the oxidation of cuboid Fe nanoparticles
under atmospheric conditions, which highlights the effects of

strain in determining the structure and morphology of the oxidised
products. As shown in Fig. 5¢, the Fe nanoparticle changes from
cuboid to spherical first, which is caused by the strain-gradient-
enhanced ionic transport at the nanoparticle surface. Compared
with the corner regions, the central regions of the cube surface
have a higher oxidation rate because the lattice mismatch at the
oxide/oxide interface results in a positive strain gradient that mod-
ifies the nanoparticle shape. Finally, the fully oxidised nanoparticle
generates a Kirkendall void in the centre, which is consistent with
Sun et al.’s work [19].

The structures of hollow oxide nanoparticles formed by the
Kirkendall effect can be more complex in some conditions. A recent
in situ experimental study performed by Xia et al. [22] revealed the
structural evolution of a bimetallic NiyFe,_x nanoparticle with vari-
able Ni/Fe ratios. As shown in Fig. 5d, three types of oxidised mor-
phologies, namely, hollow structure, dual-cavity structure, and
porous structure, can be formed at different initial Ni/Fe ratios.
Lower Fe concentration leads to more porous oxide structures in
this system, which is attributed to the difference in the diffusivity



X. Zhang, P. Zheng, Y. Ma et al.

Oxidation

5ps 70 ps|

200 ps

Materials & Design 217 (2022) 110605

13 min 135 min 190 min 195 min 275 min 305 min 355 min

voids 7
S RN

initial voids growing voids

void coalescence hollow oxide NP

150 ns
MD simulation time

Fig. 5. Complex structural evolution processes of nanoparticles during oxidation. (a) The formation of core-shell structures in the oxidation of aluminium nanoparticles. (b)
Hollow nanostructures produced by the oxidation of iron nanoparticles. (¢) Oxidation-induced structural transformation from cuboid to spherical of iron nanoparticles. (d)
The porosity of the oxidised Ni-Fe bimetallic nanoparticles is closely related to the reaction condition. (e) Explosion of aluminium nanoparticles under extreme conditions. (f)
Oxidation of copper nanoparticles in an interface-migration regime [19,22,179,181-183].

of Fe and Ni. This study also emphasises the size effect of nanopar-
ticle oxidation: larger nanoparticles prefer to form porous struc-
tures, while smaller ones favour hollow structures. The similar
structural complexity of oxidised nanoparticles is also shown in
the Ni-Co system [180].

Recently, by utilising ReaxFF-MD simulations, we employed the
Al/O ReaxFF to develop a comprehensive understanding of the oxi-
dation mechanism of ANPs, paying particular focus on the effects of
reaction conditions and nanoparticle size on the structure evolu-
tion [108]. Our computational work elucidated a distinct chain-
like oxide nucleation and growth mechanism on ANPs induced
by a synergistic effect of surface active sites, heat release by oxida-
tion, and internal stress. The outstanding reactivity of nanoparti-
cles is correlated with the abundant active sites on the surface,
which play a pivotal role in chemical reactions. Fig. 6 shows the
atomic arrangement of an ANP with a diameter of 5 nm. The sur-
face of the ANP is composed of several smooth facets and surface
steps. On the surface steps, the atoms have much smaller coordina-
tion numbers than those on the facets, which serve as the active
sites for the dissociative adsorption of oxygen molecules [184,185].

ReaxFF-MD simulations enable us to predict the oxide growth
patterns on ANPs in different reaction conditions. In general, there
are three types of oxide growth patterns: formation of the oxide

shell, outward growth of chain-like oxides, and explosion into
oxide clusters, which is shown in Fig. 6b-d. The oxidation rate on
the stepped facts is significantly faster than that on the smooth
facets (most of them are Al(11 1)), which is consistent with previ-
ous observations of the very low dissociative sticking probability of
0O, on Al(111) [186]. Through statistical thermodynamics calcula-
tions, we uncovered the origin of this interesting phenomenon. As
introduced above, the formation of Al-O bonds could release a large
amount of heat and perturb the surface atomic structure. In the
ANP system, the oxidation reaction is rather rapid so that the heat
concentrates on the surface without transferring to other places.
Calculations showed that there is a temperature gradient inside
the ANPs during the oxidation, where surface Al atoms have much
higher kinetic energy than the inner atoms. The kinetic energy gra-
dient along the radius of heated nanoparticles is a universal phe-
nomenon. Liu et al. [187] recently proposed that the atoms at the
corner and edge sites could attain higher kinetic energy than other
atoms when the nanoparticle is heated. A similar high reactivity of
the edge and corner atoms is also observed in methane oxidation
catalysed by Pt nanocrystals [188]. As a result, the increased
kinetic energy of surface atoms induces structural expansion and
internal stress, which drive the surface oxides and some Al atoms
to move outward and form atomic chains. In some extreme condi-
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tions, the ANP explode drastically into many rough and irregular
oxide clusters, as shown in Fig. 6d. The small oxide clusters could
also merge into larger ones in their collision. We further performed
oxidation simulations of ANPs at various temperatures and with
different initial oxygen contents, which comes to the conclusive
diagram about the correlation between the morphology of the oxi-
dation products and reaction conditions (Fig. 6e). The simulations
predicted that the oxidation products have three types of mor-
phologies: core-shell structure, core-chain structure and oxide
clusters [108,189]. Such complex morphological evolution is also
observed in the reactions of Al and AlH; nanoparticles with other
reactants such as H,, CO, CO,, NO, NO,, H,0,, H,0, NH3, and hydro-
carbons as disclosed by ReaxFF-MD simulations [190-197]. The
size effects of the oxidation of ANPs are also investigated that
under the same reaction condition, smaller ANPs become more
explosive and form longer chain-like intermediates during the oxi-
dation (Fig. 6f). Recently, Li et al. [198] further studied the oxida-
tion of molten ANPs and proposed a microexplosion-accelerated
oxidation mechanism as a supplement to our work. Jiang et al.
[105] discovered that the addition of graphene oxide could
enhance the combustion properties of ANPs in oxygen and improve
their efficiency. By contrast, encapsulating ANPs into carbon nan-
otubes through self-assembly effectively suppresses the oxidation
kinetics [199]. Surface oxides on Al nanoclusters were recently
found to play an important role in exhibiting distinct optical prop-
erties such as photoluminescence [200].

Apart from aluminium, copper and copper oxide nanoparticles
have also drawn great attention due to their excellent application
value in many areas like gas sensors [201], microbiology [202]
and catalysis [203]. Recently, the oxidation mechanism of copper
nanoparticles has been investigated through ReaxFF-MD simula-
tions [114]. The two most common configurations of copper oxide
are the core/shell structure and hollow oxide structure. They can
be explained by Cabrera-Mott theory and nanoscale Kirkendall
effect, respectively. However, LaGrow et al. [183] found a different
oxidation mechanism of copper nanoparticles. Fig. 6g shows the
configuration of copper nanoparticles with a diameter of 3 nm
after structure optimisation. Correspondingly, Fig. 6h shows the
potential energy of the atoms. The atoms with less coordination
number have the higher reactive potential energy. Oxygen tends
to adsorb and dissociate at these highly reactive sites and form
an initial oxidation structure. We use the notation of Cu'*, which
represent the different number of O atoms bonded to Cu atoms,
to distinguish different oxides of Cu. The oxidation of copper
nanoparticles is a process that oxides change from low coordina-
tion structure to high coordination structure. Finally, a core/shell
oxide morphology forms, which consists of a thin oxide film and
an unoxidised copper core. As the oxidation processes, the number
of Cu'* firstly increases and then decreases, transforming high
coordination structure. Finally, the oxide shell is composed of
Cu®*, Cu®" and Cu?* structures. The influence of oxygen contents
is also investigated. The simulation results showed in Fig. 6i sug-
gested the increase of oxygen contents can only promote the oxi-
dation degree to a limited extent, but had little effect on the
transformation of oxides structure.

In summary, the complicated interplay between the structures
of the oxidised nanoparticles with the reaction conditions suggests
a promising avenue that take advantage of the oxidation process to
fabricate various oxide nanostructures and metal/oxide nanocom-
posites, such as hollow nanostructures, metal/oxide core-shell
nanoparticles, nanoporous oxides, ultra-thin dendritic oxide nano-
wires, and oxide clusters with tunable composition, architecture,
defect structure, and properties. Modern computational
approaches are able to reveal the oxidation mechanisms of
nanoparticles and predict the generated oxide nanostructures in
different environmental conditions, which could facilitate the
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design and fabrication of novel nanostructures for catalytic and
electronic applications.

4.2. Oxidation of nanowires: Native oxides with unusual properties

Nanowires have attracted intensive attention because of their
unique structures and properties serving as building blocks in var-
ious areas such as electronic nanodevices, electrocatalysis, and
chemical sensing [204-210]. Many metallic or nonmetallic nano-
wires show superplasticity at room temperature, which could form
single atomic chains under tension deformation and exhibit inter-
esting electrical transport properties [209-211]. Also, the curved
surfaces of nanowires and nanoparticles can provide abundant
active sites in catalytic reactions. For example, Ultrafine jagged Pt
nanowires were recently found to have extraordinary catalytic per-
formance in the ORR due to the distinct active site distribution on
the surface [61,206]. However, these curved surfaces, which are
composed of undercoordinated atoms, could be vulnerable to
oxygen-containing moieties (0, CO, H,0, OH", etc.) and lead to
deactivation in operating conditions [212,213]. Besides, the
mechanical and electronic properties of nanowires are also
strongly affected by surface oxidation. Therefore, understanding
the interactions between the surface structures of nanowires with
environmental species is of vital importance to improve their dura-
bility in operating conditions. Advanced atomistic simulation
toolkits enable one to visualise how the surface atoms reorganise
during the oxidation, as well as to probe the oxidation-induced
variation in the properties of nanowires.

For a specific element, the oxidation kinetics of nanowires is
thought to be faster than bulk surfaces and slower than nanoparti-
cles with the same radius. This was theoretically evaluated by
Zhdanov et al. [3,214] via extending the Cabrera-Mott model into
the nanowire and nanoparticle systems. This discrepancy can also
be understood at the atomic level. The ratio of active sites determi-
nes the initial reaction rate, while oxidation-induced lattice strain
can promote the subsequent oxide growth, which is more signifi-
cant in curved surfaces. Therefore, the oxidation rate follows the
order: nanoparticle > nanowire > bulk.

The size dependence of the mechanical properties of nanowires
was controversial. Many experimental and theoretical research
investigated how the Young’s modulus of nanowires changes with
the diameter, while opposite conclusions were drawn because of
neglecting the crucial effects of surface oxidation [215]. The envi-
ronmental factors on the mechanical properties of materials
become dominant when the size is reduced to the nanoscale. The
extremely high surface-to-volume ratio of nanomaterials implies
that a subtle change in the surface structure can result in tremen-
dous variations in the overall properties. In recent years, van Duin
and co-workers have conducted intensive computational work to
investigate how surface oxidation affects the mechanical proper-
ties of nanowires based on the ReaxFF-MD simulation [216-222].

Sen et al. [217] performed computational studies and found the
oxidation-induced softening of Al nanowires due to the peculiar
structure of the surface oxide layer. First, ReaxFF-MD simulations
unravelled that the native oxide shell has a relatively low density
of 2.8 g/cm?, compared with 4.0 g/cm? of bulk amorphous Al,Os.
Static calculations showed that reducing the density of the amor-
phous Al,O; from 4.0 g/cm?® to 2.8 g/cm> can lead to a reduction
in the Young’s modulus from 103.21 to 81.36 GPa. More impor-
tantly, as shown in Fig. 7a, the stoichiometry of the native oxide
shell formed on Al nanowires is AlO; 1, rather than Al,O3, which
is consistent with the conditions of surface oxides on ANPs [108].
The lower stoichiometry further decreases the Young’s modulus
to 57.50 GPa. Finally, the atomic coordination environment in the
native oxide shell (Al atoms coordinate with 2.8 O atoms, and O
atoms coordinate with 2.6 Al atoms in average) is quite different
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Fig. 7. Oxidation-enhanced ductility of Al nanowires. (a) Cross-section of the oxidised Al nanowire with atomic charge distribution. (b) A comparison of the computed stress—
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comparison of the passivation performance between crystalline and amorphous oxide layers [218,223].

from that in the oxides with the same stoichiometry obtained by
the melt-quench method (Al atoms coordinate with 3.8 O atoms,
and O atoms coordinate with 3.5 Al atoms in average). Due to
the relatively low average AI-O coordinate numbers, the inter-
atomic electrostatic forces are much weaker, which finally reduces
the Young’s modulus of the native oxide shell to 25.50 GPa. Such
low Al-O coordinate environment in surface oxides formed by oxi-
dation is also seen in the ANP system (Fig. 7b). In addition, simula-
tions predicted that the Young’s modulus of a nanowire is
correlated with its diameter, following the rule of “smaller is
softer”.

The native oxide shell on Al nanowires formed by oxidation
(E = 25.50 GPa) is much softer than pure Al nanowires (E ~ 61
GPa), which is opposite to our conventional knowledge of the
mechanical properties of metals and their oxides. Sen et al. [218]
further explored how this oxide shell affects the mechanical prop-
erties of nanowires during tensile deformation. As shown in Fig. 7-

12

b-c, three different model systems were utilised in the stretching
simulations—a pure Al nanowire in vacuum, an oxidised Al nano-
wire in vacuum, and an oxidised Al nanowire in O,. ReaxFF-MD
simulations predicted the stress—strain curves of these samples
with a constant strain rate of 0.05 % ps~'. In vacuum, the Al nano-
wire has a high yield strength of 5 GPa and exhibits brittle fracture
at € = 12 % without necking, while the oxidised one forms a neck at
€ =12 % and fractures at € = 40 %. It can be seen that the ductility of
Al nanowires is enhanced by the surface oxides.

To probe into the atomistic origin of the oxidation-induced duc-
tility enhancement of Al nanowires, they further studied the mech-
anism of defect formation during the deformation process. The
determinant factor for the yielding stress and fracture limit is the
nucleation of Shockley partial dislocations at the surface. The more
movable dislocations there are in a material, the better ductility it
has in the tensile deformation. Theoretical calculations showed
that the Al/AlOy interface could lower the activation energy for dis-
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location nucleation, which could ease the yielding and facilitate the
dislocation initiation. The Al/AlOy interface also hinders the escape
of dislocations from the surface and prolongs their duration. There-
fore, the ductility of Al nanowires is improved by surface oxidation.
How can the O,-rich environment further enhance ductility? Fig. 7-
d-e shows a comparison of the evolution of the Al-O bond net-
works in the oxide layers during the deformation in vacuum and
0,. Under vacuum, a significant feature in atomic-scale deforma-
tion is the formation of larger rings (with more than 14 atoms)
at the expense of smaller rings, resulting in the growth of voids
during the elongation of Al nanowires. These voids enlarge further
and generate atomic chains before the fracture. By contrast, in the
O,-rich environment, an opposite Al-O ring evolution pattern
occurs in which the number of larger rings gradually decreases
with the increased smaller rings. This is because the environmental
0, molecules chemisorb at the surface and “heals” the broken Al-O
bonds, supplementing the voids and prohibiting their propagation.

Amorphous oxides are effective protective materials in indus-
trial applications. The plasticity of the protective layers and its
adherence to metal are the critical factors for preventing environ-
mental degradation [223]. Passivation with crystalline oxides is
vulnerable to stress-corrosion cracking, while amorphous oxides
are less susceptible because of their better plasticity. As shown in
Fig. 7f, if the crystalline oxide layer over the grain boundaries of
the metal breaks up under stress, it cannot be repaired quickly so
that detrimental molecules such as O,, H,0, Sg, and CO could easily
diffuse inward along the grain boundary network [110,158,161].
This can substantially promote internal oxidation and result in
intergranular crack propagation and material failure. Ideally, the
cracks on the surface oxides could heal themselves like closing
the wounds surgically, which can significantly protect the inner
structures. This property is called “self-healing” [224,225], which
requires a liquid-like superplasticity of the oxide layer.

4.3. Oxidation of two-dimensional nanosheets: defect-promotion and
the formation of oxide chains

2D materials have unusual electronic, optical and mechanical
properties, which have received extensive attention from both the-
oreticians and experimentalists in the past two decades [226-229].
Graphene [230,231], silicone [232], boron nitrides [233], and
MXenes [234,235] are some examples of 2D materials that have
been widely studied. Similar to other materials in nature, when
preparing 2D materials and applying them in various fields, their
oxidation stability is of great concern [236]. At the same time,
the precise preparation of 2D oxides materials is as important as
their corrosion protection. Direct synthesis of 2D metal oxides
from liquid metals through oxidation is becoming one of the most
promising approaches [8,17]. In response to the lack of a funda-
mental understanding of the oxidation processes of 2D materials,
many researchers have studied this pivotal process both experi-
mentally and theoretically. Specifically, atomic-scale modelling
approaches enable one to investigate how the oxidation proceeds
on the nanosheets and probe the possible products and the result-
ing nanostructures of the 2D oxides.

For example, the defect-promoted oxidation could be investi-
gated at the atomic-scale by computer simulations. Pristine gra-
phene has very low chemical activity, which is theoretically able
to maintain its properties under extreme conditions. However,
even a tiny imperfection could initiate graphene oxidation, and
single vacancy defects [237,238], multiple vacancy defects [238],
line defects, or grain boundaries [239] are in practical terms
unavoidable during the preparation of graphene. Due to the differ-
ent geometry structures and potential energy [240], different types
of defects should change the topology and bonding structures of
carbon atoms, which could further affect the chemical reactivity
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[241] and the oxidation mechanisms and kinetics. In fact, introduc-
ing a specific defect such as a single-atom vacancy and observing
the atomic-scale oxidation processes at this site are hard to realise
in real-time through experimental techniques, which computa-
tional approaches could alternatively provide valuable
information.

Recently, based on ReaxFF-MD simulations, we explored the
atomistic mechanism during the oxidation of graphene with or
without defects [242]. By subtracting carbon atoms from the pris-
tine sheet, single-vacancy defect (SVD) graphene and multi-
vacancy defect (MVD) graphene were obtained [243]. We also cre-
ated three models of graphene containing grain boundaries (GB 4-
8, 5-8-5A1 and 5-8-5D) [244]. The nomenclature for GBs is based
on the number of C atoms in the periodic disordered rings [240].
The normal coordination number of a C atom in pristine graphene
is 3, but C atoms at a vacancy site will become under-coordination,
making O, adsorption easier in energetics. The initial oxidation
stage leads to an enlargement of the vacancy and the dissociation
of carbon atoms, splitting the graphene sheet into two or more
pieces. This reaction eventually leads to the destruction of the
ordered hexagonal structure into disordered carbon oxide chains.
Interestingly, during the oxidation of the SVD graphene, we found
that the symmetry of the original vacancy site is preserved. As an
example, five rounds of the escape of C atoms are shown in
Fig. 8a. The GB structures show a tendency to self-restructure their
disordered rings during oxidation. Each kind of GB consists of some
disordered rings with 4-8 carbon atoms prior to oxidation. The
rings containing more than 8 atoms would be identified as vacan-
cies. Disordered rings are intrinsically unstable and prone to spon-
taneous rearrangement during any reaction. During the oxidation
of GB graphenes, this tendency manifests as self-repairing and
recombination of the disordered rings, as shown in Fig. 8b-d. These
results suggest that in all cases, the oxidation proceeded along the
GB, showing the inherent weakness of this type of defect towards
oxidation. In addition, using in situ atomic force microscopy based
on dynamic force mapping, Froning et al. mapped the chemical oxi-
dation of an individual graphene flake during UV/ozone treatment
against topography and clearly showed that oxidation begins at the
edge of the graphene flake [245]. Lofti et al. heated the Ti3C;0,
MXene at 1500 K in the presence of dry air and found that some
defects were created on the MXene surface, and the size of these
defects increased by time [107], shown in Fig. 8e. As a result, some
O atoms diffuse to the MXene structure and facilitate the Ti atoms
in the middle layer to diffuse to the surface and form TiO,, demon-
strating that defects could promote the oxidation of 2D materials.
Rao et al. performed oxidation on few layer MoS, films while mon-
itoring their Raman spectra in situ [246]. From analysis of the
temperature-dependent decay rates and resonance Raman spec-
troscopy, they correlated oxidation rates to the ratio of structural
defects in the MoS, films that defects are responsible for initiating
and accelerating oxidation. These studies have both experimen-
tally and theoretically demonstrated that the oxidation of 2D
materials would generally start at the edge or defect sites of the
sheets where the atoms are under-coordinated, serving as the
active sites for the dissociative adsorption of oxygen molecules.

Apart from the common defect-promotion, the formation of
oxide chains as oxidation products is commonly observed in the
simulation of oxidation of 2D materials. Lotfi et al. [107] found that
during the oxidation of TizC;0, Mxene, the two separate carbon
layers went closer to each other, leading to the formation of C-C
bonds and the carbon chains. In our work on the oxidation of
MXenes with different layer numbers, we observe not only the for-
mation of carbon chains, but also the eruption of the chains outside
the MXenes sheet [95]. The morphological evolution of MXenes is
shown in Fig. 9a-c. The oxidation of the MXene sheet begins with
the adsorption of O atoms on the surface Ti layers. Then, the orig-
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Fig. 8. Defect-promoted oxidation of 2D materials. (a) Symmetrical escape of C atoms on SVD graphene. The C atoms escaping in each round are depicted by different colours.
Snapshots of structural evolutions of graphene with (b) 4-8 GB (c) 5-8-5A1 GB (d) 5-8-5D GB. Vacancies and disordered rings are indicated by different padding colours: cyan
for vacancies, green for quaternary rings, grey for pentagon rings, pink for heptagon rings, and yellow for octagon rings. (e) Defect creation and enlargement during MXene
heating at 1500 K in the presence of dry air (Ti: tan, C: green, O: red) [96,107]. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 9. The morphological evolution of (a) Ti,C (b) TisC; (c) TisCs during the oxidation at 1000 K. (d) Structural phase diagram of the SVD graphene oxidation stage. (e) (f)
Typical example of carbon oxide chains and their basic unit in stage IV. (i) CO, (ii) CO (iii) (iv) (v) Carbon oxide clusters [95,96].

inal lattice arrangement of Ti atoms start to distort, which induces
the fracture of Ti-C bonds. Without the constraint from Ti atoms,
free C atoms subsequently reassemble and form C—C bonds, gener-
ating some new carbon chains inside the sheet. Once the length of
carbon chains gets too long to be trapped inside, the chains would
erupt out of the sheets. Finally, a titanic oxide sheet with suspend-
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ing carbon oxide chains and a few stuck C atoms are obtained.
Increasing the layer number of the MXene could have a counterac-
tive effect on the formation and eruption of carbon chains. Addi-
tionally, returning back to the graphene system, the sheet would
crack apart eventually, and the ultimate oxidation product is car-
bon oxide chains at the final stage of oxidation, as shown in
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Fig. 9d [242]. There are three basic units to combine the chains,
such as CO, CO, and carbon oxide clusters, depicted in Fig. 9e,
and these clusters were observed to either combine or separate
to form or break chains due to the thermal motion. Fig. 9f shows
a typical example of the carbon oxide chains.

In summary, by utilising modern computational methods, one
could investigate the real-time oxidation of 2D materials at the
atomic scale, calculate the accuracy energy diagram, and predict
the oxidation products under various environmental conditions.
Importantly, the thermodynamics of oxygen molecule adsorption
and dissociation that play a pivotal role in the initial oxidation
stage could be quantitatively calculated through first-principles-
based approaches. Active sites can also be precisely identified at
the atomic level of accuracy. By utilising MD simulations, we
proved that defects in 2D materials are the common culprit for oxi-
dation. We also observed the nucleation of the oxides at the defect
sites and the formation of the oxide chains as oxidation products.
We believe that computational methods have become a powerful
instrument that opens up an attractive field for future studies of
the oxidation stability of 2D materials and guides experimental
fabrications.

5. Future challenges

In the future, with the rapid development of computer hard-
ware and open-source codes, theoretical and computational
approaches will continue to play an indispensable role in under-
standing oxidation, corrosion, catalysis, and other surface reac-
tions. Despite the rapid development of computational
approaches, there is still plenty of room for improving the compu-
tational approaches:

(1) Development of universal ReaxFFs with improved transfer-
ability and accuracy. At the current stage, existing ReaxFFs
may not give reasonable accuracy beyond the trained reac-
tions. The lack of transferability between the aqueous and
combustion branches is also known, which could lead to
problems in describing multi-phase interactions [56]. At
present, genetic algorithms, deep learning, and machine
learning (ML) techniques have already created new para-
digms for force-field development, including high-
throughput dataset generation through first-principles
approaches and automatic ReaxFF parameterisation
[60,169,170,172] one of the greatest challenges is develop-
ing universal ReaxFFs for a wide range of elements and com-
plex reactions, which could greatly benefit the investigations
of oxidation-resistance of complex materials such as high-
entropy alloys [131] and multi-component metal nanoparti-
cles [247]. Additionally, a particular interest could be cen-
tred on modelling the oxidation dynamics of liquids and
liquid-oxide interfaces, which remains unclear in terms of
the atomic-level mechanisms and is of great importance
for synthesising high-quality 2D oxides [8,17,18]. Liquid-
solid phase transition and multi-phase interactions should
be considered simultaneously in the ReaxFF development
in these studies.

(2) Accurate electronic-structure methods for modelling solid-
gas interactions. The accuracy of DFT calculations highly
relies on the approximation methods used. For example, a
well-known debate exists on the dissociative adsorption of
0O, on the Al(111) surface [248]. While experiments provide
solid evidence for a very low dissociative sticking probability
of O, with a substantial energy barrier, standard DFT calcu-
lations found no barrier and provided little information on
the atomistic origin. Based on modified high-level DFT calcu-
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lations, various mechanisms have been proposed to explain
this phenomenon, including spin selection rules [186],
charge transfer [249], and steric effect [142,250]. Therefore,
hybrid functionals [251] and high-level quantum chemistry
methods [252] could be used to calculate the adsorption,
migration, reaction energies, and vibrational frequencies
for improved accuracy. Moreover, embedded-cluster
approaches are powerful tools for obtaining accurate ener-
getics of defect formation in oxides [253-256] and surface
reactions [257-259], which avoid the spurious interactions
between images in periodic boundary conditions.

(3) Combination of theoretical modelling with experimental
studies. Despite massive research that has been conducted,
many computational studies remained focusing on oxidation
mechanisms while providing little guidance to the experi-
mental design. We expect that much effort will be devoted
to strengthening the link between theories and experiments
to study oxidation in the near future. First, traditional
electronic-structure methods and force-field based calcula-
tions should routinely be coupled with free energy calcula-
tions and thermodynamics to monitor environmental
conditions [124]. Second, ReaxFF-MD and AIMD simulations
should carefully consider the configurations of modelling
systems to reveal the environmental effects on oxide proper-
ties and target atomistic details that are hard to be captured
by microscopical observations [19,26,123]. Third, computa-
tional modelling has reached the high-throughput era in
which a large amount of data can be automatically gener-
ated and analysed based on first-principles approaches. ML
algorithms and data mining techniques could significantly
assist the corrosion risk assessments and discoveries of
novel anti-oxidation and corrosion protection materials
[103,260-263]. DFT calculations will continue to play an
essential role in providing reliable datasets and determining
the descriptors for ML techniques.

6. Concluding remarks

In the past few decades, with the rapid development of com-
puter hardware, QM theories, and modern algorithms, computer
modelling provides the capacity to model, probe, and analyse
physicochemical reactions in real-time at the atomic level. Based
on mature theories and modern computational techniques, the
mysteries in material oxidation are being gradually unveiled and
systematically understood, enabling us to design practical anti-
corrosion techniques and novel oxide-based functional materials.

The cross-fertilisation of various computational approaches
provides an exciting avenue for unravelling novel oxidation mech-
anisms and guiding experimental synthesis. ReaxFF-MD and AIMD
simulations allow us to visualise the dynamical evolutions of mul-
tiscale materials under reaction conditions. DFT calculations
revealed that the adsorption energy, dissociation barrier of O,
and diffusivity of ions are the key elements to determine the initial
stage of oxidation. GCMC and ab initio thermodynamics play a vital
role in predicting the stability of meta-stable oxides in realistic
environments. ML techniques opened new doors for high-
throughput experimental data analysis, materials design, and
ReaxFF development.

Cabrera-Mott theory stands out as a widely accepted physical
model that has been extended to various fields and inspired the
synthesis of advanced materials such as 2D oxides and hollow
nanostructures. Structural defects in materials play an essential
role in enhancing the oxidation kinetics, which are the crucial fac-
tors of materials degradation and failure. Oxidation mechanisms of
nanomaterials have recently attracted broad attention and can be
delicately investigated by combining theoretical approaches with
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experimental studies. Nanoparticles have enormously high propor-
tions of active sites on the surface, resulting in diverse nanostruc-
tures such as core-shell structure, hollow nanoparticles, porous
oxides, and chain-like oxides. Oxidation is usually detrimental to
mechanical properties, while the native oxides formed on Al and
Si nanowires on the contrary enhance their ductility due to the dis-
tinct amorphous structures. As for the 2D nanosheets, the oxida-
tion kinetics is drastically accelerated by various structural
defects, and oxide chains are commonly observed in the products.

The future will envision the integration of various computa-
tional techniques to develop reliable force fields, improve accuracy
for describing solid-gas interactions, and model surface oxidation
in realistic conditions. This integration will further combine with
modern experimental techniques to complete the stories of oxida-
tion theories, design next-generation oxidation-resistance strate-
gies, and fabricate cutting-edge oxide materials with outstanding
properties.
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