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Abstract
The generic 2D lattice Monte Carlo simulations presented herein are focused on the 
spatio-temporal kinetics of oxidation of metal nanoparticles composed of two grains 
separated by a single grain boundary. The oxidation is assumed to occur via inward 
diffusion of interstitial oxygen ions in the oxide. The results of simulations illustrate 
that the regimes of oxidation can range from one where the presence of grains is 
negligible and the oxide shell is formed at the periphery of a whole nanoparticle to 
one where each grain is oxidized almost independently.
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Introduction

Oxidation of macroscopic metal samples occurs via formation of a surface oxide 
layer and subsequent growth of an oxide film mediated by diffusion of metal and 
oxygen ions through this film. Due to its high practical importance, this process has 
long attracted attention, and the corresponding experimental and theoretical stud-
ies can be tracked for many decades (reviewed in [1, 2]; for the generic models, see 
Refs. [3–11]). Nowadays, this area is still open for research (see, e.g., recent experi-
ments [12–16] and models [17–25]) due to its complexity related to (i) generation of 
the electric field between the metal-oxide and oxide-gas interfaces, (ii) stress (or lat-
tice strain) arising due to the lattice expansion during oxide formation, (iii) numer-
ous defects in the oxide structure and their evolution, e.g., via grain growth, and (iv) 
defects, e.g., grain boundaries and dislocations in the metal phase.

Electronic supplementary material  The online version of this article (https​://doi.org/10.1007/s1114​
4-020-01818​-4) contains supplementary material, which is available to authorized users.

 *	 Vladimir P. Zhdanov 
	 zhdanov@chalmers.se

1	 Department of Physics, Chalmers University of Technology, Göteborg, Sweden
2	 Boreskov Institute of Catalysis, Russian Academy of Sciences, Novosibirsk, Russia

http://orcid.org/0000-0002-0167-8783
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-020-01818-4&domain=pdf
https://doi.org/10.1007/s11144-020-01818-4
https://doi.org/10.1007/s11144-020-01818-4


686	 Reaction Kinetics, Mechanisms and Catalysis (2020) 130:685–697

1 3

With rapid development of nanoscience during the past decade, many stud-
ies have become to be focused on oxidation of metal nanoparticles (NPs; see, e.g., 
recent experiments [26–34] and models [35–43]). Such NPs can often be easily fully 
converted into the oxide state, and accordingly the understanding of the mechanisms 
of their oxidation and its specifics compared to the macroscopic samples is interest-
ing not only from the perspective of basic science but also crucial for their numerous 
applications in various fields ranging from electronics to medicine. The extent of 
complexity in this area is comparable with or even larger than that observed in the 
case of macroscopic samples. In particular, the above-mentioned factors complicat-
ing the interpretation of oxidation of macroscopic samples operate in the case of 
NPs as well, and their description is more challenging due to nonplanar geometry. 
In addition, one can e.g. notice that the oxidation of metal NPs is often accompanied 
by the formation of holes inside (Kirkendall effect) [44, 45]. In macroscopic sam-
ples, the role of this effect is usually considered to be minor. The understanding of 
the mechanistic details of oxidation of metal NPs is now limited because accurate 
monitoring of oxidation on the nm scale is still challenging (see, e.g., already men-
tioned recent studies [26–34]).

The experimental studies of oxidation of metals were/are accompanied by the 
development of the kinetic models allowing one to understand and interpret what 
happens or may happen in the reality. Nowadays, such models are numerous, and 
as a rule each one is focused on one of the scenarios of oxidation. Historically, the 
theory was long aimed at the formation of an oxide film on the surface of macro-
scopic metal samples [1–11]. During the past decade, some of the corresponding 
models have been generalized in order to describe oxidation of metal NPs as briefly 
outlined below.

The simplest model of oxidation of metals is based on the assumption that the 
process is limited by conventional Fickian diffusion of metal and/or oxygen ions via 
the oxide film. The one-dimensional (1D) version of this model proposed by Tam-
mann [3] and Pilling and Bedworth [4] describes oxidation of macroscopic metal 
samples and predicts the parabolic law for the film thickness, l ∝ t1∕2 . For spheri-
cally shaped particles, the corresponding analytical treatment was given by Valensi 
[6] and Carter [8]. In fact, this was the first model applicable (with some reserva-
tions) to describing oxidation of metal NPs (see, e.g., its use in [30]).

The rate of metal oxidation can depend on the electric field generated in the oxide 
film because this field induces the drift of metal and oxygen ions through this film. 
The first 1D model describing this effect was proposed by Wagner [5] (for one of the 
first and recent extensions of this model, see Refs. [9, 19], respectively). The model 
implies that the field is weak in the sense that it does not influence the ion diffusion 
coefficients and mobilities, and the oxidation kinetics was predicted to be parabolic. 
The alternative 1D model implying that the field is strong was proposed by Cabrera 
and Mott [7]. Recently, the latter model was generalized to describe metal NPs and 
nanowires (Refs. [38–40] and [43]).

The volume of oxide formed during metal oxidation is appreciably larger than 
the volume of metal which is converted to oxide. This mismatch of the volumes is 
accommodated by oxide reconfiguration and can be accompanied by the creation 
of stress in an oxide and metal, formation and growth of grains in an oxide, and 
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formation of cracks there. In general, diffusion along line and surface defects includ-
ing dislocations, grain boundaries, and cracks is well known to be often facilitated 
[46–48], and the presence and/or generation of such defects can influence the oxida-
tion kinetics. The models describing various related aspects of metal oxidation are 
of different categories. The simplest phenomenological models are focused on grain 
growth in an oxide and the role of diffusion via the corresponding grain boundaries. 
The first model of this category was proposed for macroscopic metal samples by 
Fehlner and Mott [10] (its generalization to NPs is given in [41]). Two examples 
of recent models are in Ref. [24, 25]. The simplest model describing the formation 
of cracks is presented in Ref. [11]. The effect of stress on oxidation of macroscopic 
metal samples was analyzed by employing various phenomenological (e.g. phase-
field) models [20–23]. Various approximations ware used to describe the Kirkendall 
effect accompanied oxidation of metal NPs (Refs. [35–37] and [42, 43]).

As already noticed in the beginning, the oxide formation can be influenced by 
the presence of grains in a metal. The corresponding experimental studies related to 
macroscopic samples are, however, not numerous, the results obtained are diverse, 
and their interpretation is not straightforward. For example, the oxidation of poly-
crystalline Ni (the process is presumably controlled by diffusion of Ni ions) was 
found to be appreciably faster than that of Ni(100) [49]. This might indicate that in 
the former case the ion transport occurred mostly along grain boundaries in Ni. The 
small spot and imaging studies did not, however, show localized growth at these 
boundaries. In the case of oxidation of thin Ni films, the kinetics were observed to 
be insensitive to the size of grains in Ni [50]. On the other hand, Maack and Nil-
ius [16] have recently found (by using the UV/Vis transmission spectroscopy) that 
in contrast to classical oxidation theories the oxidation of polycrystalline Cu films 
shows an accelerated behavior, being explained by the formation of a corrugated 
metal-oxide interface due to preferred oxidation along grain boundaries in Cu.

In metal NPs, the rate of relaxation of grain boundaries or dislocations rapidly 
increases with decreasing particle size [51, 52]. In relatively large particles of size 
∼ 100 nm , grains can be fairly stable, and the pathway of oxidation along grain 
boundaries in a metal can be efficient. Herein, I present Monte Carlo (MC) simula-
tions clarifying the likely features of this channel of oxide formation in metal NPs. 
The model employed is focused on the interplay of oxygen diffusion through the 
oxide shell, oxygen diffusion via the grain boundary in the metal core, and the oxide 
formation at the metal-oxide interface. In this framework, the regimes of oxidation 
may range from one where the presence of grains is negligible and the oxide shell is 
formed at the periphery of a NP to one where each grain is oxidized almost indepen-
dently. The simulations presented illustrate the transition between these limits and 
identify the conditions of their realization.

Model

As already noticed in “Introduction”, the oxidation of metal NPs depends on numer-
ous factors, and attempts to include simultaneously many of them into a model make 
its analysis hardly possible. As many other models of metal oxidation in general 
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and oxidation of metal NPs in particular, the model employed herein is focused on 
one of the factors, i.e., on the role of grain boundaries in a metal. This channel of 
oxidation is expected to be especially important when the process is controlled by 
inward diffusion of interstitial oxygen ions (IOIs) via the oxide, because oxygen can 
in this case move along grain boundaries in a metal and form a complex oxide front 
(by analogy with that observed in [16]). The MC technique is especially suitable for 
simulations of propagation of such fronts provided a model is sufficiently simplified 
in order to perform MC simulations.

In the model under consideration, the self-consisting simplifications are related to 
the structure and kinetic steps. Concerning the kinetic steps, the model implies that 
the oxidation is fully controlled by inward diffusion of IOIs. The outward diffusion 
of metal ions is neglected. The hollow formation in the metal (Kirkendall effect), 
related usually to the latter diffusion, is accordingly neglected as well. The other 
structural simplifications are based on the lattice approximation. In particular, a NP 
is represented by a 2D Lx × Ly square lattice. Qualitatively, this lattice can be viewed 
as a cross-section of a nanocrystallite. Each lattice site can be in one of two states 
representing metal or oxide, respectively. IOIs are allowed to be in the sites repre-
senting oxide. Each such site can contain only one IOI. Initially, the whole particle 
is assumed to be either in a single-crystal state (no grain boundaries) or viewed as a 
composite containing two equivalent grains with a grain boundary between them. In 
the latter case, the grain boundary is represented by two vertical row of sites located 
in the center (the corresponding horizontal coordinates are i = Lx∕2 and Lx∕2 + 1).

The formation of the first oxide layer at the external boundary is considered to be 
rapid, and initially (at t = 0 ) the external-boundary sites are prescribed to be in the 
oxide state. IOIs located at these sites are assumed to be at thermodynamic equilib-
rium with the gas-phase oxygen. This equilibrium is mimicked by using the grand 
canonical distribution for IOAs. Practically, this means that during a MC trial 
involving a boundary site it is prescribed either to have an IOI with probability 
p
b
≪ 1 or to be vacant with probability 1 − p

b
 . This probability represents the aver-

age occupation of the external-boundary sites by IOAs. In reality, p
b
 is proportional 

to P1∕2

O
2

 , where P
O

2
 is the oxygen pressure. Physically, the assumption that oxygen on 

the gas–oxide interface is at equilibrium is reasonable because the rates of the rate 
processes occurring at the interface are usually much faster than that of the whole 
oxidation process. In various models of oxidation of metals, this assumption is 
widely used since the first theoretical studies mentioned in “Introduction”.

The oxidation of the grain-boundary sites is considered to be rapid as well, and at 
t = 0 these sites are also prescribed to be in the oxide state. Except the external- and 
grain-boundary sites, all other sites represent metal at t = 0.

Diffusion of IOIs and conversion of the sites from the metal state to the oxide 
state are realized via attempts of IOA jumps to nearest-neighbour (nn) sites. The 
effect of electric field and lattice strain on these processes is neglected. This is 
acceptable provided a NP is not too small and the oxide shell is able to relax during 
its formation. In reality, these factors may of course influence the oxidation kinetics. 
Their inclusion into the analysis can appreciably complicate the simulations but is 
not expected to change the main conclusions drawn below.
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In the model under consideration, IOIs can diffuse at the regular oxide sites and 
the external- and grain-boundary oxide sites. In reality, the rates of diffusion on such 
sites are different. The difference of the rates of diffusion on the regular and exter-
nal-boundary oxide sites is, however, not expected to be important, because in real-
ity the surface and subsurface layers usually do not limit the metal oxidation. In the 
model employed, as already noticed, the IOIs located at the external-boundary oxide 
sites are assumed to be at thermodynamic equilibrium with the gas-phase oxygen. 
This implies that the jumps of IOIs along the external boundary are rapid. The rate 
constants of the IOI jumps between these sites and the nn regular oxide sites are 
considered to be equal.

For IOI diffusion along the grain-boundary oxide sites, I analyzed two scenar-
ios. The first one implies that this diffusion is rapid, and accordingly IOIs located 
at these sites are at thermodynamic equilibrium with the gas-phase oxygen and this 
equilibrium is described by using the grand canonical distribution (exactly as in the 
case of the external-boundary sites). In the second (opposite) and more realistic sce-
nario, the rate constants of the IOI diffusion jumps at the grain-boundary oxide sites 
are considered to be the same as on the regular oxide sites. In both scenarios, the 
rate constants of the IOA jumps between the grain-boundary sites and the nn regular 
oxide sites are assumed to be equal.

Algorithm of simulations

With the specification above, the algorithm of the MC simulations is as follows: 

	 (i)	 A site is chosen at random.
	 (ii)	 If the site selected is vacant, a trial ends.
	 (iii)	 If the site is occupied, the IOI located in this site tries to diffuse or to form 

oxide. In particular, a nn site is randomly selected, and if the latter site is 
occupied by an IOI, the trial ends. If the nn site is in the oxide state and vacant, 
the IOI jumps to it with unit probability. If the nn site is in the metal state, 
the oxidation event, including removal of the chosen IOI with simultaneous 
conversion of the nn site from the metal state to the oxide state is realized with 
probability p

ox
.

	 (iv)	 After each MC trial, the time is incremented by Δt = | ln(�)|∕(Lx × Ly) , where 
0 < 𝜌 ≤ 1 is a random number.

On average, Δt = 1 corresponds to Lx × Ly MC trials. In the simulations presented, 
Δt = 1 is identified, as usual, with one MC step (MCS). To convert t into real time, it 
should be divided by the properly defined jump rate constant. For my goals, the time 
units are not important, and I measure time in MCS.

The simulations were performed on a lattice with Lx = 140 and Ly = 100 . The 
external-boundary oxide sites were described by using p

b
= 0.1 . The rate constant 

of the conversion of the sites from the metal state to the oxide state, p
ox

 , was varied 
in a wide range in order to illustrate various regimes of the oxidation kinetics.
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Results of simulations

Typical results of simulations are presented in Figs. 1, 2, 3, 4, 5, and 6. In par-
ticular, Fig. 1 shows five representative kinetics of oxidation, whereas Figs. 2, 3, 
4, 5 and 6 exhibit and the corresponding lattice snapshots at the moment when 
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Fig. 1   Conversion to the oxide state as a function of time: a in the absence of grain boundaries with 
p
ox

= 1 (curve 1; an example of the corresponding lattice snapshots is shown in Fig. 2) and in the pres-
ence of a grain boundary with rapid supply of IOIs via this boundary (so that the boundary sites at ther-
modynamic equilibrium with the gas-phase oxygen) and p

ox
= 1 (curve 2; an example of the correspond-

ing lattice snapshots is shown in Fig. 3); b in the presence of a grain boundary and the IOI jumps at the 
corresponding sites occuring with the same rate constant as on the regular oxide sites [curves 1, 2, and 
3 are for p

ox
= 1 (one of the corresponding lattice snapshots is shown in Fig. 4), 0.1 (the corresponding 

lattice snapshot is shown in Fig.  5), and 0.01 (the corresponding lattice snapshot is shown in Fig.  6), 
respectively]
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the conversion to the oxide state is equal to 0.75. Additional lattice snapshots for 
the moments when the conversion to the oxide state is equal to 0.25 and 0.5 are 
shown in Supporting Information.

Fig. 2   Lattice snapshot corresponding to the kinetics in the absence of grain boundaries [curve 1 in 
Fig. 1a] at the moment when the conversion to the oxide state is equal to 0.75

Fig. 3   As Fig. 2 for the kinetics in the presence of a grain boundary with rapid supply of IOIs via this 
boundary [curve 2 in Fig. 1b]
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In the absence of a grain boundary, the kinetics are close to parabolic [curve 1 
in Fig.  1a with p

ox
= 1 ], and the corresponding lattice snapshots (Fig.  2) show a 

shrinking metal core.

Fig. 4   As Fig. 3 with the IOA jumps occurring at the grain-boundary oxide sites with the same rate con-
stant as on the regular oxide sites. The oxidation events are run with p

ox
= 1 [curve 1 in Fig. 1b]

Fig. 5   As Fig. 4 for p
ox

= 0.1 [curve 2 in Fig. 1b]
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In the presence of a grain boundary and with rapid supply of IOIs via this bound-
ary (so that the boundary sites at thermodynamic equilibrium with the gas-phase 
oxygen) and p

ox
= 1 , the oxidation of two parts of the lattice occurs independently 

in the qualitatively similar regime as in the absence of a grain boundary [cf. curve 2 
in Figs. 1a and 3 with curve 1 in Figs. 1a and 2].

If the IOI jumps at the grain-boundary oxide sites occur with the same rate con-
stant as on the regular oxide sites, the kinetics and snapshots depend on the rate 
constant of oxidation, p

ox
 . If the oxidation is rapid and this rate constant is equal to 

that of diffusion, i.e., p
ox

= 1 , the oxidation is fully controlled by the IOI diffusion 
in the oxide shell, the kinetics is parabolic [curve 1 in Fig. 1b], and the role of the 
grain boundary is nearly negligible (Fig. 4). With decreasing p

ox
 down to 0.1, the 

situation remains similar [curve 2 in Figs. 1b and 5]. With further decrease of p
ox

 
down to 0.01, the kinetics is closer to liner [curve 3 in Fig. 1b] because the oxidation 
is kinetically controlled, the role of the grain boundary becomes appreciable, and 
the lattice snapshots (Fig. 6) are qualitatively similar to those observed in the case of 
independent oxidation of grains (Fig. 2).

Conclusions

The present MC simulations of oxidation of metal NPs are focused on the situa-
tion when the oxidation occurs via IOI diffusion in the oxide. The emphasis is on 
the role of the grain-boundary sites. During oxidation these sites are considered 
to be in the oxide state, and their role is demonstrated to be significant provided 
they are able to mediate rapid supply of IOIs (Fig. 2) or provided the oxidation 

Fig. 6   As Fig. 4 for p
ox

= 0.01 [curve 3 in Fig. 1b]
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is much slower (at least by two orders of magnitude) than IOI diffusion via the 
oxide (Fig.  6). The realization of these conditions is not simple. Oxidation is 
accompanied by the lattice expansion and reconfiguration, and physically there 
are no strong arguments in favour that in this case the grain-boundary oxide sites 
are highly efficient in the IOI supply. Energetically, the oxide formation is usu-
ally favourable, and the oxidation is not expected to be much slower than IOI 
diffusion.

Despite the reservations above, the already mentioned recent experiments 
performed by Maack and Nilius [16] are indicative of preferred oxidation along 
grain boundaries in polycrystalline Cu films. Thus, the regime of oxidation of 
NPs with rapid oxygen diffusion along grain boundaries and subsequent oxidation 
of each grain almost independently (as in Fig. 6) is expected to be likely at least 
in the case of Cu NPs. Oxidation of such NPs was experimentally studied at the 
ensemble level [30, 32] and also at the level of individual particles [33] by using 
plasmonic nanospectroscopy and electrodynamic simulations. The interpretation 
of the results was there based on the assumption that the oxidation occurs via the 
conventional mechanism including the formation of the oxide shell. The likely 
role of grains was not discussed. Concerning these and other experiments, I may 
add that at the ensemble level, the identification of the role of grains is hardly 
possible, because due to the difference in the grain structure, the shape and time-
scale of oxidation of different NPs are expected to be different, and accordingly 
the interpretation of the lumped kinetics corresponding to an array on NPs can 
be far from straightforward. Experiments with individual particles may be much 
more useful in this context.

Concerning the theory, I may notice that the lattice model used can easily be 
extended in various directions. The lattice simulations of oxidation of metal NPs 
occurring via diffusion of metal atoms in the oxide are also possible (some related 
results are available e.g. in Ref. [42]). The latter scenario is, however, more complex 
due to the likely formation of hollows (Kirkendall effect). The corresponding mod-
els should be more complex as well. In particular, the metal-metal interaction should 
be taken into account.

Another extension can be related to the interpretation of the oxidation kinetics 
measured at the ensemble level. From this perspective, it might be instructive to 
show theoretically how the size distributions of NPs in an array and grains in NPs 
are manifested in the lumped oxidation kitetics (for hydride formation in NPs, the 
role of the NP-size distribution was shown in Ref. [53]).

Finally, the model presented can be reformulated in terms corresponding to other 
processes. For example, the already mentioned hydride formation during absorption 
of hydrogen by metal NPs (e.g., by Pd) is usually considered to occur via the forma-
tion of a layer of a new phase near the gas-NP interface and its expansion inwards, 
and the whole process is often described by employing the conventional core-shell 
models [54–60]. Physically, this process is similar to oxidation, and accordingly the 
conclusions driven above for oxidation can be applicable to the hydride formation 
in metal NPs with grains. In this context, one can notice that the experimental stud-
ies of the specifics of hydride formation in metal NPs with grains are just beginning 
[61].
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