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Abstract 

Experimental and complementary modelling studies on the potential use of iron oxide nanoparticles in chemical looping 

reforming processes have been performed. In order to avoid coarsening of the nanoparticles, and thereby loss of reactivity, at 

relevant process temperatures (700-900°C), the active metal oxide was embedded in an inert support material of lanthanum 

silicate. Micro reactor tests indicate that partial combustion occurs in reactions of reduced iron oxide with methane instead of 

pure reforming. Density Functional Theory and kinetic Monte Carlo calculations have been used to support and complement 

the experiments. The modelling supports efficient reactivity towards exposure of hydrogen, which is also observed 

experimentally. Reactivity towards methane is only tested for the fully oxidized state, Fe2O3, and not for the reduced oxide, 

giving results that are complementary to the experiments. Copyright © 2018 VBRI Press. 
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Introduction 

Chemical looping [1] is an emerging technology for 

producing electricity, fuels or chemicals with low CO2 

emissions. In Chemical Looping Combustion (CLC), dual 

fluidized beds are often used to circulate the solid oxygen 

carrier particles, which provide the oxygen for 

combustion in the fuel reactor. The reduction of the 

particles in the fuel reactor makes it necessary to circulate 

oxygen carriers to the other fluidized bed, the air reactor, 

where the particles are oxidized. Subsequently, they are 

circulated back to the fuel reactor for another combustion 

cycle, and so on. The separation of fuel from air has 

several positive features: the combustion process becomes 

simpler, the combustion efficiency is in principle higher 

than for standard power plants, NOx emissions are 

significantly reduced since nitrogen is not present in the 

fuel reactor, and CLC generates a sequestration-ready 

CO2 stream, after condensation of water vapor [1]. 

However, to achieve the necessary efficiency gains of 

CLC in practice, efficient oxygen carriers are crucial. 

Chemical Looping Reforming (CLR) [1, 2] techniques 

(see Fig. 1) follow the same basic outline as CLC, but 

here focus is on the catalytic production of CO and H2, for 

use in chemical industry, or, in the latter case, as a clean 

fuel. The CLR process uses less air than CLC, such that 

only partial oxidation of the oxygen carrier particles is 

achieved. In CLR, CH4 is reacted with a metal oxide in 

order to extract individual hydrogen atoms. Individual 

hydrogen atoms react together in order to form H2, which 

then desorbs from the surface. In the process the metal 

oxide is reduced by the extraction of oxygen by reaction 

with carbon from methane, forming CO. A reduction 

sequence Fe2O3→Fe3O4→FeO→Fe is then expected. This 

work concentrates on the Fe-oxides hematite, Fe2O3, and 

magnetite, Fe3O4, which forms naturally when Fe2O3 is 

reduced. At elevated temperatures Chemical Looping 

Combustion might occur instead, where hydrogen and 

carbon are completely oxidized to form H2O and CO2. 

The aim of our study is to evaluate the suitability of the 

different iron oxides for CLR.  

 Kinetic studies of unsupported iron nanoparticles 

have revealed improved reactivity, reduced mass 

resistance and enhanced heat transfer [3]. However, at 

temperatures above 450°C, particle sintering results in 

coarsening of the particles (up to µm scale), and the 

observed benefits disappear. In order to utilize the 

nanostructured materials it is therefore necessary to 

endow them with much greater thermal stability. This can 

be achieved by dispersing the active nano-catalyst within 

an inert support material, which suppresses coarsening 

and sintering via physical separation [4, 5]. In effect, a 

"mechanical caging" mechanism stabilizes the 

nanoparticles in the mesopores of the support material [6]. 

Such stabilized nano-composites have been successfully 

synthesised through reverse emulsion processes [7-8], but 

these routes are neither cost efficient, environmentally 

friendly, nor viable for large-scale production. More cost 

effective and "green" synthesis routes are therefore sought 

within this work.  
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Fig. 1. Idealized schematic representation of complete CLR process, 
involving reduction of the metal oxide under methane to a less oxygen-

rich phase. Syngas is outputted from this reactor. Meanwhile, the 

reduced material is reoxidized in a separate air reactor before being fed 
back into the fuel reactor. 

 The available literature on nanostructured oxygen 

carrier materials mostly considers first-row transition 

metals, which are then dispersed onto a thermally 

stabilizing amorphous barium hexaaluminate (BHA) 

support [4, 5, 7, 9, 10]. BHA as the support material has a 

high sintering temperature and low reactivity towards 

metal oxides under employed operating conditions. 

However, substitution of BHA due to cost and in some 

cases toxicity of Ba-precursors, is desirable. The current 

paper reports results obtained with the lanthanum silicate 

La9.33Si6O26 as an alternative matrix material. 

 Modelling studies can be a highly valuable 

complement to experimental studies. Three different 

studies have recently been published using Density 

Functional Theory (DFT) to characterize mechanisms and 

reaction barriers of CH4 reacting with a Fe2O3 surface 

[11-13]. Although the calculation setups are quite similar, 

the studies disagree both regarding detailed mechanisms, 

as well as the energetics of the individual reactions. The 

mechanism of initial dissociation of CH4 into CH3 and H 

is in all studies found to be occurring on top of a surface 

Fe atom with the product H atom adsorbed at a surface O 

site. Still, the calculated reaction barrier height varies 

between 1 and 2 eV. For this work, DFT calculations for 

this reaction were performed in order to clarify the 

important mechanisms as well as to form a basis for 

modelling the reaction kinetics. 

 In this paper we report on the synthesis, 

characterization and reactivity tests of nano-structured 

oxygen carrier particles as well as complementary 

modelling of the reactivity of iron oxide surfaces. In 

particular, we present kinetic Monte Carlo modelling 

results on the detailed kinetics of the CH4 conversion to 

products as a function of temperature. This has to the best 

of our knowledge not been previously reported for 

chemical looping systems. 

        

Experimental 

Material synthesis 

Active nanostructured particles embedded in an  

inert support were obtained by synthesis of a sol-gel  

of a composition which decomposes to two 

thermodynamically coexistent phases at high temperature. 

By forming the material as an atomically dispersed gel, 

the growth of the two phases can be controlled during gel 

heating/decomposition. Iron/iron oxide nanoparticles 

were embedded in a lanthanum silicate (La9.33Si6O26) 

matrix in this fashion, via a modification of the method of 

Vojisavljević et.al. [13]. Lanthanum acetate, iron nitrate, 

ethanol and nitric acid are mixed with tetraethyl 

orthosilicate and heated to form a gel. This was then dried 

at 60 °C and heated at 230 °C to decompose into an 

amorphous powder. Upon further heat treatment a 

composite of lanthanum silicate and iron/iron oxide 

nanoparticles with a well defined loading (e.g., 20 wt%) 

is obtained. 

Characterization and reactivity tests 

The synthesized materials were characterized by scanning 

electron microscopy (SEM) and X-ray diffraction (XRD). 

Furthermore, micro reactor tests were performed at 700-

900ºC using 10% CH4 + 3% H2O in argon as the feed gas. 

Mass spectroscopy was applied to determine the 

concentrations of the gasses out of the reactor. 

 

Computational details 

A Density Functional Theory (DFT) approach was taken 

to model chemistry on metal oxide surfaces. The VASP 

code was used in all calculations [15-18], with a plane 

wave cutoff of 520 eV. The projector augmented wave 

(PAW) method was used to treat the core electrons [19, 

20]. All atoms were fully relaxed until the change in force 

upon ionic displacement was less than 0.01 eV/Å, with 

the change in energies no greater than 10
-5

 eV. K-point 

meshes were chosen so that the difference in energies is 

less than 1 meV. The PBE+U functional is used in all 

calculations, with the U placed on the d-state of the Fe 

ions [21]. Literature studies of Fe-oxide materials use 

several different values for U, including 4.0 eV [22-24],
 

4.2 eV [25], and 5.0 eV [26]. We use a value of U = 4.2 

eV as this gives a good match with experimental values. 

The Climbing Image Nudged Elastic Band method was 

used in order to determine the activation barriers for 

chemical reaction [27]. Four images were used in kinetics 
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calculations unless otherwise stated. As both metal oxides 

studied are magnetic, Fe2O3 being antiferromagnetic and 

Fe3O4 being ferromagnetic, spin-polarisation was used in 

all calculations. In this paper we only report on calculated 

results for Fe2O3. The corresponding results for Fe3O4 will 

be published in a future study. 

 The kinetic Monte Carlo (kMC) method [28, 29] was 

used to study the kinetics of the overall reactions 

occurring at the surface. For all calculations the kmos 

code was used [30]. Barrier heights derived from DFT 

calculations were used to calculate rate constants using 

simple Transition State Theory calculations [28]. The use 

of kMC allows for the kinetics of a system to be studied 

with greater accuracy than traditional microkinetic rate 

equation models. In particular, it allows for resolving a 

complex reactive system in molecular detail including 

individual sites and atoms and molecules. At the same 

time, there is no need to describe the system in atomistic 

detail, including molecular structures and interactions, 

such as for molecular dynamics or electronic structure 

calculations, allowing for fast simulations. In a lattice 

kMC model one only needs to specify a number of 

connected sites, populations of atoms and molecules at 

these sites, and the rates of reaction and transition 

(diffusion, adsorption, or desorption). Subsequently, a 

stochastic simulation of the motion and reaction of the 

species can be carried out, where one process at a time 

occurs. 

Results and discussion 

Characterization and reactivity tests 

Electron microscopy characterization of the prepared 

materials is challenging due to the extremely small 

particle size, which limits the use of EDS elemental 

analysis. Fig.  shows a sample which has been subjected 

to several reduction-oxidation cycles at 800 °C and 

900 °C. The material shows quite unusual morphology, 

appearing “spotty”. These spots are interpreted to be iron 

oxide particles of 10-15 nm. This is supported by 

Rietveld analysis of XRD data (not presented here)  

which indicates iron oxide (Fe3O4) crystallites in the 

region of 22 nm. A similar sample redox-cycled at only 

700 °C demonstrates a smaller crystallite size of around 

12 nm. 

 Micro reactor tests up to 700C show very little 

reforming of methane. Applying a pre-conditioning step 

by reducing the sample in humid hydrogen (10% H2 + 3% 

H2O in N2) at 900C for 20 minutes and subsequent 

reforming tests (10% CH4 + 3% H2O in Ar) at 900C for 

90 minutes gave interesting results, see Fig. 1. About 30% 

conversion of methane was found. However, a significant 

amount of CO2 was produced indicating partial 

combustion. Mass 28 will have some contribution from 

N2 background (one decade lower) and splitting of CO2 in 

the MS which should be less than 0.3% in this case. 

Further tests are planned in order to obtain a better 

understanding of the results. 

  

 
 
Fig. 2. Synthesized iron oxide nanoparticles on lanthanum silicate 

support. 

 

 
 
Fig. 1. Micro reactor reforming test at 900ºC with pre-conditioning of 
iron oxide nanoparticles on lanthanum silicate support.  

 

 

Modelling 

Fig. 4 shows the structures resulting from DFT 

calculations on CH4 adsorption and dissociation on a 

Fe2O3 surface. The Fe-O3-Fe surface termination was 

chosen since it has been found to be the most stable over a 
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wide range of oxygen pressures [23]. The CH4 molecule 

is only weakly bound at a surface Fe site (Fig. 4a) with a 

binding energy of 0.16 eV. The barrier to dissociation of 

CH4 into CH3 and H, adsorbed at Fe and O sites (Fig. 4b), 

respectively, is 1.06 eV. As discussed earlier, literature 

values on this barrier height show a significant spread.  

In the DFT study by Huang et al. [11], whose results we 

have used for kinetic modelling (see below), this barrier is 

1.76 eV. In addition, we find a reaction energy of  

0.16 eV, whereas that of Huang et al. is 0.33 eV, but this 

is one of the smaller differences between this work and 

theirs. Another difference is that our calculations indicate 

that a solitary CH3 species preferably binds to an O site 

(Fig. 4c), whereas Huang et al. conclude that CH3 binds 

more strongly to a Fe site. The reasons for the above (and 

other) discrepancies between our work and the other DFT 

studies on this reaction [11-13] will need to be examined 

in more detail in the future. 

 

  

 
 
Fig. 4. Thermodynamically stable structures for CH4 adsorption and 

molecular fragments produced upon reforming on the Fe2O3-(0001) 

surface. (a) is CH4, (b) is CH3+H, (c) is CH3, (d) is CH2+H, (e) is CH2, 
(f) is CH+H, (g) is CH, and (h) is C+H. Iron is represented by large 

brown sphere, oxygen by small red sphere, carbon by small dark brown 

sphere, and hydrogen by small blue sphere. 

 In connection to the experiments on reduction of iron 

oxide by H2 (Fig. 3), it is interesting to see that the DFT 

calculations predict a rather low barrier (0.4 eV) to H2 

dissociation at a surface Fe site. This barrier height is 

relative to H2 in the gas phase, since H2 adsorption to the 

Fe site is rather weak, with a binding energy of 0.18 eV. 

The coverage of adsorbed H2 at 900C is therefore 

expected to be extremely small. In contrast, the binding of 

a dissociated H2 in the form of two H atoms at O sites is 

stable by 1.7 eV compared to gas-phase H2. The reverse 

reaction has a barrier height of 2.1 eV to initiate H2 

formation from adsorbed H atoms. The energy required 

for two adsorbed H atoms to react with a surface O atom 

and desorb as a H2O molecule is 1.8 eV, which effectively 

gives a lower activation energy than for H2 formation. 

The conversion of H2 into H2O, and thereby reduction of 

the Fe2O3 surface, should therefore be a relatively 

efficient process, as the experimental results presented in 

Fig. 3 suggest. 

 Finally, we report on kinetic Monte Carlo simulations 

using the whole set of elementary reaction steps as 

determined by DFT to evaluate the overall kinetics of 

CH4 reacting with Fe2O3. Since the calculations by Huang 

et al. [11] are more extensive than ours and give 

qualitatively similar results where comparable, although 

the exact energetics differ in many cases (see above), we 

based the model on their results. We exchanged the initial 

barrier to CH4 dissociation to our value (i.e., 1.76 eV to 

1.06 eV) and derived the H atom diffusion barrier height 

between O sites from our results (0.49 eV). This 

constitutes Model A as given in Table 1. To further 

examine the effects of changing the individual rates we 

exchanged the mechanisms involving only adsorbed H 

atoms (e.g., H2 and H2O formation), from that of Huang et 

al. to our values (called Model B in Table 1). The surface 

O atom concentration was assumed to remain constant, 

meaning that replenishing O from the bulk when a surface 

O atom has reacted to form CO, CO2, or H2O is 

effectively instantaneous compared to the time scale of 

the reactions. From Table 1 it can be seen that CO and 

H2O should be the preferred products for the temperature 

range 700-1100C, with only very minor production of 

CO2. Experimentally, CO2 production seemed to be 

comparable to and even exceeding CO production  

(Fig. 3). However, one should bear in mind that this was 

from a reduced iron oxide and simulations on Fe3O4 

should therefore probably be better suited to compare to 

these experiments. This will form the topic of a future 

study.  

 
Table 1. Branching fractions of CO and CO2 products and H2 and H2O 

products from kMC simulations of CH4 on Fe2O3. 

 

 Model A Model A Model B 

T XCO XCO2 XH2 XH2O XH2 XH2O 

(C)       

700 0.999 0.001 0.116 0.884 0.002 0.998 

800 0.999 0.001 0.150  0.850 0.004 0.996 

900 0.998 0.002 0.183 0.817 0.006 0.994 

1000 0.997 0.003 0.213 0.787 0.008 0.992 

1100 0.994 0.006 0.241 0.759 0.011 0.989 
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Conclusion  

We have reported results on both experimental (synthesis, 

characterization, and reactivity tests) and modelling 

studies of iron oxide nanoparticles for the potential use in 

chemical looping reforming processes. Nanoparticles of 

iron oxide of size <20 nm were successfully embedded in 

an inert support (lanthanum silicate) via a simple, scalable 

and relatively cheap synthesis route and shown to be 

stable to temperatures appropriate for chemical looping 

processes. Micro reactor tests on the reactivity were 

carried out. By exposure to humid hydrogen, the iron 

oxide nanoparticles were reduced. Further tests of the 

reactivity of reduced iron oxide with CH4 indicated that 

both CO and CO2 were formed as significant products at 

900C, meaning that partial combustion occurs, instead of 

pure reforming where mainly CO (and H2) should be 

formed. Further tests are needed to investigate whether 

the capabilities for reforming can be enhanced. DFT 

calculations on the reaction mechanisms and energetics of 

H2 reacting with a fully oxidized Fe2O3 surface confirm 

that H2O formation, and thereby reduction of the oxide, 

should be efficient. Kinetic Monte Carlo simulations of 

CH4 reacting with Fe2O3, based on DFT calculations, 

indicate that CO and H2O should be the dominating 

products in this case. Simulations on a reduced oxide 

surface, Fe3O4, will be the topic of a future study. Then 

both the effects on reactivity of reducing the oxide as well 

as the predictive power of the modelling can be properly 

assessed in comparing to experiments.    
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