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Abstract: The oxidation behavior of metallic 
nanoparticles is investigated in respect to 
material parameters like Mott potential, defects 
on the microstructure and oxide volume increase 
per ionic defect. An emphasis is laid on magnetic 
nanoparticles where the degree of oxidation can 
be measured via the reduction of the magnetic 
moment.  
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1. Introduction 
 

Metallic nanoparticles have become 
important in many fields like biotechnology, 
chemistry and physics.1 One important example 
in this area is magnetic nanoparticles.2 For many 
applications it is mandatory that magnetic 
properties of the nanoparticles are stable for a 
long time.3 The reduction of the magnetic 
moment of the particle is due to oxidation of the 
magnetic material like Fe or Co. The oxidation 
process in nanoparticles can be described by a 
model introduced by Cabrera and Mott4 that was 
further improved by Fromhold.5  

In this work the simulation of oxidation is 
realized via a Level set approach modeling the 
evolution of the metal-oxide interface. This 
offers the possibility to investigate the growth of 
the oxide layer in dependence of the 
microstructure that is introduced by grain or 
core-shell structures. 
 
 
2. Theoretical model  
 

In general the growth of oxide films is 
controlled by diffusion of ions and electrons 
under the influence of gradients of their 
concentration and self generated electric fields. 
In the case of nanoparticles, the electric field is 
very strong and hence its influence is significant. 
A generic model describing the kinetics of oxide 
growth under the effect of this electric field was 
introduced by Cabrera and Mott.4 An improved 

model was developed by Fromhold et al.5 
According to the latter model the oxide growth 
can be divided into the following steps: 
 

1. Dissociative adsorption of oxygen from the 
gas phase to the surface of the particle 
 

2. Oxidation of surface metal atoms 
 

3. Ionization of adsorbed oxygen atoms and 
metal ions at the metal-oxide interface 

 

4. Build up of a self generated electric field 
 

5. Incorporation of metal ions into the oxide 
layer at the metal-oxide interface 

 

6. Diffusion of metal ions within the oxide 
layer 

 

7. Reaction of metal ions with oxygen ions to 
form metal oxide  

 
For geometries below 200 nm the electric field is 
the driving force of the oxidation, and hence its 
origin and strength is of major significance. The 
mechanism of ionization depends on the ambient 
temperature, the work-function of the oxidizing 
metal and the oxide thickness. For low 
temperatures the ionization occurs via electron 
tunneling from the metal-oxide interface to the 
adsorbed oxygen. Considering the energy level 
diagram in Fig. 1, the driving force of the 
tunneling can be easily understood.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1: Energy level diagram of the metal-oxide-
oxygen system. The tunneling process stops as soon as 
the potentials  and  reach equilibrium 
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Tunneling occurs due to the potential 
difference of the metal  and the oxygen  
until the electric field  of the ions is as strong 
as the potential difference 

 
       (1) 
 
where  the so called Mott potential and L the 
oxide thickness. For higher temperatures thermal 
emission of electrons is also important which 
however is not considered here. The tunnel 
current  is given by the following expression5 
 

(2) 

       
with  the Planck constant and  the electron 
mass. The ionic diffusion current in the absence 
of space charge effects is given in the steady 
state approximation by5  
 

       (3) 

 
The parameters  and  are the bulk 
defect concentrations of the diffusing ionic 
species at the oxide-oxygen and at the metal 
oxide interface, respectively.  is the surface 
charge field in the oxide,  the elementary 
charge,  the effective charge of the 
transported ionic species, a the lattice constant, k 
the Boltzmann constant,  the temperature and 

 the thermal activation energy for ionic 
motion. The assumption that the steady state 
currents are equal in magnitude but opposite in 
sign leads to the following equation5 

 
    (4) 

 
This condition is used to determine the self 
generated electric field in the oxide layer. The 
growth of the oxide layer is then given by5  

 
     (5) 

 
FIG. 2 Nanoparticle with different oxide volume 
increase rates. Grains are colored in orange. The shell 
and core are shown as red and blue regions, 
respectively. 

 
where  denotes the oxide volume increase per 
transported ionic defect.    
 
 
3. Simulation model  
 

For this simulation model the nanoparticle is 
approximated by a sphere of radius R and oxide 
layer thickness L. The growth of the oxide layer 
is implemented via a Level set approach.7 This 
method is capable of describing the motion of 
surfaces and often used in multiphase flows.  
Here it is used to track the motion of the metal-
oxide interface.  

The basic idea of the Level set method is to 
express a surface in an implicit form, as the zero 
level set or isophote of a higher dimensional 
function  and then trace the deformation of 
the surface by means of deformation of this 
embedding function. Generally, for a given 
domain  with smooth boundary, we assume the 
existence of an implicit function  which 
satisfies  
 

 

    

 
 



 

FIG. 3: Comparison between experimental data for 
the oxidation of Co nanoparticles with 

and simulation results for different values of 
the Mott potential. All other parameters are given in 
Tab.1.  

The dynamic evolution of the Level set 
function follows the convection diffusion 
equation  

 
 (5) 

 
where  the normal velocity of the moving 
boundary and D is the diffusion coefficient. In 
the investigated systems diffusion is only 
introduced to maintain numerical stability. 
Equation (5) defines the motion of the zero level 
set . As an initial condition, we set 

 
   (6) 

 
This is a signed distance function, and 

therefore, has the advantage that  
for most of the domain except at the center 
where certain partial derivates are not defined. 
The normal vector of the implicit surface is 
calculated via . The growth of the oxide 
layer and thus the normal velocity  is given by 
equation (5). It is implemented in the following 
way 

 

 (7) 
 
The ionic current  is determined for each time 
step using equation (4). For this the distance L 
has to be calculated which is done via linear 
regression.  
 

   (8) 

 

 FIG. 4: Oxidation in dependence of temperature of a 
nanoparticle with R = 5 nm and an initial oxide layer 
of 1nm. All other parameters are given in Tab. 1.   

It is also possible to implement further details 
like structural defects, grain structures or core 
shell nanoparticles by varying the oxide volume 
by an increase of  on the nanoparticle domain. 
This is shown in Fig. 2. In this example the shell 
has a high oxide volume increase per ionic 
defect. Grains within the material are presented 
as orange subdomains inside the core. 
 
 
4. Simulation results  
 

To verify the simulation model, experimental 
data are compared to calculated oxidation curves. 
For all simulations an initial oxide thickness of 1 
nm is assumed. The oxidation degree given 
neglects this initial oxidation. This coincides 
with experimental conditions, where the 
measurements start after a certain oxidation time. 
In Fig. 3 experimental data of Co nanoparticles 
with a mean radius of  and 
simulation results are shown. The nanoparticles 
oxidized at room temperature and the loss of 
magnetization is measured via an Alternating 
Gradient Magnetometer. To calculate the loss of 
magnetization the degree of oxidation is used. 
The simulation fits well to the experimental data 
if a Mott potential of  
and remaining parameters according to Tab. 1 
are chosen.  

Furthermore, the oxidation of nanoparticles 
in dependence of temperature and the oxygen 
work function are investigated. In Fig. 4 
oxidation curves for different temperatures is 
shown. All curves show a rapid increase of 
oxidation followed by a slow linear increase. For  
 



  

FIG. 5: Oxidation in dependence of the oxide work 
function of a nanoparticle with R = 5nm and an initial 
oxide layer of 1 nm. All other parameters are given in 
Tab. 1.   

 
rising temperature, the initial fast oxidation 
increases rapidly. The slow increase is also 
affected by a change of slope.  The change of the 
oxidation rate is due to the increase of the ionic 
current, which is exponentially affected by the 
temperature.  

In Fig. 5 the oxidation in dependence of the 
oxygen work function is shown. For 

 the initial fast oxidation is visible. For 
the growth shows a linear 

behavior. This can be attributed to growth 
kinetics limited by the electron current.  In Fig. 6 
the effect of different growth regions, which is 
possible with the Level set method, is shown. 
Deformations of the metal-oxide interface are 
visible where the growth rate is enhanced.  
 
 
5. Summary and Outlook  
 

In this work a Level set based method is 
introduced to model the oxidation dynamics of 
metallic nanoparticles. A comparison between 
experimental data from the oxidation of Co 
nanoparticles shows good agreement with the 
simulations. It has also been shown, that it is 
possible with the proposed approach to model 
different regions of growth within the 
nanoparticle. For the future, further studies on 
the influence of the latter are planned.  
 
 

 

FIG. 6: Regions with different growths rates of 
nanoparticle as well as an oxide-metal interface (green 
layer) are shown. A distortion of the interface is 
visible at the areas with increased oxide growth rate. 

6. Appendix  
 
Symbol Definition Value 

  Metal oxide work function 

(eV) 
2 

   work function (eV) 2.5 
  Mott potential (eV) -0.5 

T Temperature (K) 300 
2a Ionic jump distance  4.25 

  Ionic defect concentration at 

metal oxide interface (  

  

  Ionic defect concentration at 

oxide oxygen interface (  

  

  Oxide volume increase per 

transported ionic defect  

19.19 

 
Table 1: Parameters used for simulations 
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