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Graphical abstract 

 
 

HIGHLIGHTS 

 Development of iron-based oxygen carriers with aliovalent Co dopant for chemical looping methane 

reforming (CLR). 

 Optimization of Co dopant concentration for enhancing the reactivity of iron-based oxygen carriers. 

 Exploring the role of Co dopant in methane reforming over iron-based oxide oxygen carriers through 

density functional theory (DFT) combined experimental study. 

ABSTRACT 

Chemical looping reforming (CLR) is a promising strategy of methane conversion to syngas with low cost 

and minimal environmental impact.  A major challenge for chemical looping reforming systems is the 

development of oxygen carriers that have high reactivity, high oxygen carrying capacity, and long-term 

durability. We demonstrate that the addition of a low concentration of cobalt dopant to iron-based oxygen 
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carriers can dramatically enhance the reactivity in CLR processes at low temperatures while maintaining 

the recyclability.  The methane conversion increased by around 300% for Co-doped iron oxide compared 

to pure iron oxide oxygen carriers from 600 oC to 800 oC. It was found that 2% Co dopant concentration is 

optimal for methane conversion rate and cost of oxygen carriers at different temperatures. Density 

functional theory (DFT) simulation and thermochemistry analyses (TGA) reveal that the Co dopant has a 

short-range effect on the formation of oxygen vacancies. The Co-doping-induced oxygen vacancy 

significantly reduces energy barriers of CH4 reforming on the surface of iron oxide oxygen carriers, leading 

to the reactivity enhancement. Our findings provide a pathway to lower the methane reforming temperature 

in chemical looping systems, while improving the syngas yield with desired oxygen carrier recyclability. 
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1. Introduction 

Methane, the principal constituent of natural gas and shale gas, has been garnering attention for decades. 

Its relative abundance and wide distribution make it a valuable energy source from an economic point of 

view [1]. With its multifarious chemical properties, methane is also an excellent raw material for the 

production of fuels and chemicals [2]. Valuable products can be produced by methane conversion in two 

ways: direct conversion to C2 or higher hydrocarbons, and indirect conversion to carbon monoxide and 

hydrogen (syngas). Afterwards, high value chemicals can be obtained from syngas by various processes, 

such as Fischer-Tropsch synthesis, methanol, or dimethyl ether production [3]. ACCEPTED M
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T



3 
 

Currently, syngas generation from methane can be achieved mainly via three routes: carbon dioxide 

(dry) reforming (CDR), steam methane reforming (SMR), and partial oxidation of methane (POM) [4][5]. 

However, all of the aforementioned technologies have disadvantages, such as high energy cost, high capital 

cost, and safety concerns [6]. Therefore, the development of technologies for efficient and cost-effective 

methane conversion is still an ongoing process. 

Chemical looping reforming (CLR) is a promising alternative method of methane partial oxidation. CLR 

eliminates the need for an air separation unit, and has the potential to directly generate high-quality syngas 

with desirable H2:CO ratios [7]. A CLR process involves fuel conversion taking place in two interconnected 

reactors: a reducer (or fuel reactor) and an oxidizer (or air reactor). In the reducer, oxygen carriers donate 

O atoms from their lattice for partial oxidation of methane to CO and H2. The reduced oxygen carrier is 

then regenerated in the oxidizer using air with the heat thus released [8]. The reaction scheme for CLR 

using Fe2O3 as oxygen carriers is shown below:  

                                                      Reducer:  CH4 + Fe2O3 → CO + H2 + Fe2O3−x                                          

                                                      Oxidizer:   O2 + Fe2O3−x → Fe2O3                                                                 

Compared to the other methods for the partial oxidation of methane, CLR has advantages in lower capital 

cost, lower energy cost during operation, and safer operating conditions (by prohibiting direct gaseous 

oxygen and methane contact) [9]. Moreover, when steam is used as an oxidant, high purity hydrogen can 

be produced without separation processes and an adjustable syngas ratio can be implemented for 

downstream synthesis. Oxygen carriers are the most crucial aspect of the CLR process, since they undergo 

continuous redox cycles that involve reduction by methane and oxidation by air. In addition, the syngas 

yield depends primarily on the reactivity and selectivity of the oxygen in oxygen carriers. It is proposed 

that the oxygen carriers must satisfy the following requirements [10]: sufficient oxygen capacity, high 

reactivity and selectivity for methane to syngas (especially at low temperature), high stability during redox 

cycles, low cost, and low environmental impact. Enormous effort has been devoted to improving the 
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reactivity of oxygen carriers in the past few decades. Various redox metal oxides including, nickel [11][12], 

tungsten [13], cerium [14][15], and iron oxides [9][16][17] show great potential. Nickel based oxygen 

carriers exhibit high activity for methane activation. However, the reduced nickel can promote carbon 

deposition, which deactivates the oxygen carriers [18]. Tungsten oxides have attracted ample attention due 

to their abundance, highly tuneable composition and physical stability (melting point) [19]. Nevertheless, 

low reactivity and bad recyclability (unstable structure of WO3) hinder its utilization in CLR. Cerium oxides 

have a high selectivity, but their reactivity for methane conversion is low and their cost is too high for a 

commercial scale operation of CLR. In recent years, modification of perovskite materials has also been 

investigated to increase the selectivity and reactivity of oxygen carriers [20][21]. However, the reduced 

oxygen carrier’s capacity and high cost of raw materials limit their application in CLR. 

      Compared to the oxygen carrier candidates mentioned above, iron based oxygen carriers have been 

demonstrated to be one of the most promising materials for CLR [9][22][23][24][25]. These oxygen carriers 

can sustain thousands of redox cycles without a significant decrease in reactivity and strength while 

operating in the CLR process [26][27]. A syngas yield of 88% with 90% syngas purity was achieved in 

previous work. However, the moving bed reducer was operated under iso-thermal conditions at 1000 oC. 

The commercial system is operated under auto-thermal conditions, which leads to a lower temperature at 

the reducer outlet due to the endothermic nature of the methane to syngas reaction with iron based oxygen 

carriers. Therefore, the reducer outlet temperature would be lower than 1000 oC when syngas yield and dry 

syngas purity are optimized. However, the reactivity of the iron based oxygen carriers with methane is low 

at temperature below 1000 oC. The catalytic doping is an efficient method for improving the activity of 

metal oxide materials [28]. Isovalent dopant, lanthanum, has been proven to be able to improve the methane 

conversion by providing highly active sites [29][30]. Aliovalent dopant, Cu, also exhibits high activity for 

methane conversion. The reactivity of Cu-doped oxygen carriers is higher than that of undoped iron oxide 

oxygen carriers universally between 700 °C and 1000 °C [31]. Despite the amount of research conducted 

on modifying oxygen carriers with different dopants, much work remains to be done in terms of elucidating 
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the relationship between the structure of oxygen carriers with dopants and the activity of the oxygen carrier, 

and screening more effective dopants. An understanding of the underlying reactivity enhancement 

mechanism is also essential to the design and development of robust oxygen carriers for CLR. 

      It has been reported Co dopant can significantly improve the activity of perovskite oxides for methane 

reforming [32]. Nevertheless, to the best of our knowledge, there is not any investigation on the effect of 

Co dopant on methane reforming over metal oxides [33][34]. In this work, we investigated the role of 

aliovalent dopant Co in CLR through density functional theory (DFT) combined experimental study. The 

optimal dopant concentration was determined and the formation energies of doping induced oxygen 

vacancies were calculated. Based on surface structure modelling and reaction barrier analysis, the 

mechanism of CH4 reforming with Co doped iron based oxygen carriers was proposed. It was found that 

the doping induced oxygen vacancies can dramatically reduce the barriers of methane activation and 

dissociation, leading to the methane conversion enhancement. This work provide insights into effective 

oxygen carrier design and modification.  

  

2. Experimental and Computational Details 

2.1 Sample preparation 

A sol gel method was applied in the fabrication of both non-doped and Co doped iron oxide. To prepare 

the sol gel solution, Fe(NO3)3·9H2O (from Acros Organics, 99+%, for analysis) and Co(NO3)2·6H2O (from 

Acros Organics, 99+%, for analysis) were dissolved stoichiometrically into 1 mol/L HNO3 (from Fisher 

Scientific, 1.0 N). Anhydrous citric acid (from Fisher Scientific, 100.0% assay) was added afterwards. An 

NH4OH (from Fisher Scientific, 28~30%) solution was utilized to adjust the pH of the aforementioned 

solutions to ~7.3. Ethanol was mixed with the whole solution by vigorous stirring to provide a molar ratio 

of nitrate salt: citric acid: ethanol of 1:2:2. A concentrated solution was obtained by heating at 270 oC for 

1.5 hrs by hot plate and otherwise ambient conditions. Subsequently, to remove the organic residues, the 
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precursors were heated in a furnace with ambient air at 600 oC for 3 hrs, with 1 oC/min heating ramp rate 

and 6 oC/min cooling ramp rate. The next process was a 2 hr-calcination at 1100 oC, using a 2 oC/min 

heating ramp rate and 6 oC/min cooling ramp rate. The samples were eventually transferred to a small 

crucible to conduct a 4 hour-calcination at 1260 oC with 2 oC/min heating and cooling ramp rates. 

2.2 Characterization 

The fabricated samples were characterized using a Rigaku SmartLab X-ray Diffractometer (XRD) with 

eliminated fluorescence. The analysis and identification of all XRD spectra was accomplished with PDXL 

software and the JCPDF database. During the instrument characterization, scans were conducted from 20-

80 degrees, at a rate of 1 degree per minute with accelerating voltage and filament current of 40 kV and 44 

mA, respectively. The images of the samples were examined by a scanning electron microscope (SEM) 

with a 10 kV and 0.17 nA electron beam. Secondary electron images were obtained with a working distance 

of 4.1 mm. The characterization was supplemented with X-ray photoelectron (XPS) spectra, which were 

collected at room temperature using a Kratos Axis Ultra DLD spectrometer. Mg Kα monochromatic X-ray 

radiation (1253.8 eV) was utilized to ensure the optimal peak intensity of Co. Binding energy (B.E.) values 

were referenced to the standard C 1s binding energy of 284.8 eV. The acquired data was processed with 

Shirley-type background and Lorentzian-Gaussian combination and analysed by CasaXPS program. 

2.3 Thermogravimetric Analysis (TGA) test operation 

The prepared 15 mg sample was mounted in an alumina crucible and pre-treated at 800 oC for 5 

reduction-oxidation activation cycles. Afterwards, 10 continuous reduction-oxidation cycles were 

conducted at 600, 700, and 800 oC using a Setaram SETSYS Evolution Thermogravimetric Analyzer. A 50 

mL/min N2 and 100 mL/min Helium mixture was utilized as the carrier gas for both cases. The reduction 

process was performed using 25% CH4 (50 mL/min) balanced by inert gas for 5 min, while the oxidation 

process used 25% air (50 mL/min) balanced with inert gas for 5 min. A 10 min flushing step was also 
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included using the same flow rate of inert gas to prohibit the mixing of oxygen and CH4. The definition of 

oxygen carrier reduction and oxidation conversion was: 

Xr =
𝑤𝑖 − 𝑤𝑡

𝑤𝑜
× 100% 

where Xr is the conversion of oxygen carriers during a reduction process, 𝑤𝑖 is the initial weight (mg) of 

oxygen carriers in TGA, 𝑤𝑡 stands for the weight of oxygen carriers after 5 min reduction, and 𝑤𝑜 represents 

the weight of available oxygen in the initial state of oxygen carriers. The definition of oxidation conversion 

was: 

Xo =
𝑤𝑓 − 𝑤𝑡

𝑤𝑜
× 100% 

where Xo is the conversion of oxygen carriers during a oxidation process, 𝑤𝑓 is the final weight of oxygen 

carriers after oxidation regeneration, 𝑤𝑡  stands for the weight of oxygen carriers before oxidation 

regeneration (since redox cycles were operated, 𝑤𝑡 is the same for one redox cycle), and 𝑤𝑜 represents the 

initial weight of oxygen in the oxygen carriers.  

 2.4 Density Functional Theory (DFT) Calculations 

The first-principle calculations were performed within the framework of density functional theory 

(DFT), using the Vienna Ab Initio Simulation Package (VASP) [35][36][37]. The generalized gradient 

approximation (GGA) of Perdew, Burke and Ernzerhof [38] was used to represent the exchange-correlation 

energy. The projector-augmented wave (PAW) method, with a 400 eV energy cutoff, was used to describe 

the wave functions of the atomic cores. The tetrahedron method with Blöchl corrections was used to set the 

partial occupancies for the orbitals. The 8×8×1 Monkhorst-Pack k-point mesh was used for surface 

calculations to give results that were converged within 1 × 10−5 eV, using the conjugate gradient method. 

To accurately describe the strongly correlated nature of the Fe 3d electrons, the on-site coulomb repulsion 

of the exchange–correlation energy was treated with the GGA + U approach. We employed the effective 

U = 4 eV value which yielded bulk hematite properties that agreed well with density of states by 

experimental IPS spectra [39]. To study the effect of incorporating Co, a single Fe atom was replaced by a 
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Co atom in hexagonal unit cells of 120 (2×2×1) atoms. The Co/Fe ratio corresponds to 1/48, thus mimicking 

2% Co concentration. 

The oxygen vacancy formation energies were calculated based on the following expression: 

  𝐸𝑓 = 𝐸𝑡𝑜𝑡 − 𝐸𝑉 −
1

2
𝐸𝑂2      

where 𝐸𝑡𝑜𝑡  is the total energy of the stoichiometric surface, 𝐸𝑉 is the total energy of the reduced surface 

with one oxygen vacancy, and 𝐸𝑂2
 is the total energy of the optimized gas phase O2. The adsorption 

energies of CHx (x=0−3) radicals on Fe2O3 (001) surface and 2% Co doped Fe2O3 (001) surface were 

calculated using the expression as below:  

 𝐸𝑎𝑑 = 𝐸𝐶𝐻𝑥 + 𝐸𝑠𝑢𝑟𝑓 − 𝐸(𝐶𝐻𝑥+𝑠𝑢𝑟𝑓) 

where 𝐸𝐶𝐻𝑥 is the energy of the optimized gas phase geometry of CHx, 𝐸𝑠𝑢𝑟𝑓 is the total energy of the 

respective surface, and 𝐸(𝐶𝐻𝑥+𝑠𝑢𝑟𝑓)  is the total energy of the slab with adsorbed CHx. Based on this 

definition, a greater 𝐸𝑎𝑑 corresponds to a more stable configuration. 

For CH4 activation barrier calculations, the climbing-image nudged elastic band (CI-NEB) method was 

used [40][41]. This method enabled the stationary points to be mapped out along the minimum energy paths 

and identify transition states for each of the diffusion processes. Because these paths were directed by force 

projection, the energy was not necessarily consistent with the force being optimized; thus, the force-based 

optimizer was chosen to ensure the convergence of the nudged elastic band algorithm. A modified 

Brønsted−Evans−Polanyi relationship was applied to correct the activation energies at different 

temperatures [42].  

4. Results and Discussion 

The impact of the Co dopant concentration on crystal phase modification was studied by XRD. Figure 

1 shows the XRD patterns of rhombohedral Fe2O3 and Co doped with various concentrations. No other 

phases were detected in 0.5% and 1% Co-doped Fe2O3 samples, indicating homogenous mixing and 

completion of the sol gel method. The impurity spinel phase CoFe2O4 was present in both 2% Co doped 
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Fe2O3 and 5% Co-doped Fe2O3 samples as indicated by the purple star in Figure 1. Therefore, Co doped 

Fe2O3 oxygen carriers have dopant saturation concentrations, above which the spinel phase will form in the 

oxygen carrier. From the XRD patterns shown in Figure 1, it can be seen that when the concentration of 

Co dopant is higher than 2%, the substitution of Co atoms for Fe atoms in Fe2O3 lattice is not applicable 

and a mixed metal oxide, CoFe2O4/Fe2O3, is formed instead. CoFe2O4 will damage the particle phase 

integrity, resulting in poor recyclability and weak strength of iron based oxygen carriers. 

The surface modification of Fe2O3 by Co dopant was characterized by SEM and XPS. SEM images in 

Figure 2b, d, e, and f show that Co-doped Fe2O3 with various doping concentrations have similar average 

grain sizes, which are around 3.8 ~ 4.6 µm, as shown in Table 1, compared with pure Fe2O3 (Figure 2a) 

before the redox reaction. It indicates that the Co doped materials have less morphological change, which 

is advantages for chemical looping applications. 2% and 5% Co doped samples have some small cubic 

phases with average 300~500 nm grain size attached on the large grain boundaries, as shown in Figure 2e, 

f, which could be attributed to the spinel phase (CoFe2O4) detected in XRD.  

Chemical surface modifications caused by the dopant were analysed by XPS. Figure 3 presents XPS 

spectra for Co 2p3/2 and O 1s in pure Fe2O3 as well as 0.5%, 1%, 2%, and 5% Co doped Fe2O3. No Co 

signal was detected in the pure Fe2O3 sample (Figure 3a). The Co 2p region has observable, well-separated, 

satellite peak components in all Co-doped Fe2O3. It has been reported that the peak position of Co 2p3/2 is 

narrower and stronger than the Co 2p1/2 peak, and the area of the Co 2p3/2 peak is two times that of Co 2p1/2 

because 2p3/2 has degeneracy of four states while 2p1/2 has only two in spin-orbit (j-j) coupling [43]. The 

Co 2p3/2 peak has also been associated with a satellite peak. The main Co 2p3/2 and the shake-up peak related 

to the Co 2p3/2 peak were still taken into account for quantification. Precise curve-fitting parameters for the 

Co 2p3/2 region were modified from the parameters for CoO reported by Biesinger et al [43], where the BE 

relationship with 5 cobalt peaks was Co2-Co1=2.1 eV; Co3-Co2=3.4 eV; Co4-Co3=2.6 eV; Co5-Co4=1.8 eV. 

Constrains of full width at half maximum have also been held constant.  The O species ratio and Co/O ratio 

on the surface of Co-doped Fe2O3 are exhibited in Table 2. The ratio of Co/O is all higher than 1% from 
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XPS detection on the surface of Co-doped Fe2O3 samples, indicating successful doping modification on the 

surface of Fe2O3 for all circumstances. In addition, the XPS O 1s spectra shows that there are mainly three 

oxygen species, lattice oxygen (Me-O) at 529.4 eV, defective oxygen (-OH) at 531.9 eV, and organic 

oxygen (C=O) at 533.8 eV, on the surface. As shown in Table 2, the ratio of defective oxide can be another 

indicator for methane activation ability. Unfortunately, the ratio of –OH increases from 0 to 1% Co doped 

Fe2O3 and then drops from 1% to 5% Co doped Fe2O3. This predicts that the reactivity enhancement 

between methane and oxygen carriers will diminish when increasing their doping concentrations from 0% 

to 5%. 

Figure 4 shows the oxygen carrier conversion rates in 10 typical cycles of methane partial oxidation and 

air regeneration of 2% Co doped Fe2O3 and undoped Fe2O3, respectively, at 600 oC (Figure 4a, b), 700 oC 

(Figure 4c, d) and 800 oC (Figure 4e, f). The reduction was carried out in 25% methane balanced by inert 

gas and the regeneration was conducted in 25% air balanced by inert gas as well. All the experiments have 

been repeated multiple times and the error bars confirm the high reproducibility of the results. The TGA 

analysis results indicate that 2% Co doped Fe2O3 has dramatically increased conversion rates in oxygen 

carrier reduction as well as oxygen carrier regeneration relative to un-doped Fe2O3. The average reduction 

conversion rates of 2% Co doped Fe2O3 were 390%, 526%, and 424% higher than that of un-doped Fe2O3 

at 600 oC, 700 oC, and 800 oC, respectively, as shown in Figure 4a, c, e. The average oxidation conversion 

rates of 2% Co doped Fe2O3 were 393%, 487%, and 435% higher than that of un-doped Fe2O3, at the same 

temperatures, as shown in Figure 4b, d, f. The high recyclability of the oxygen carriers is also displayed in 

Figure 4. 

In addition, we studied the reactivity enhancement of Co dopant modifications with various 

concentrations in a wide range of operating temperatures from 600 oC to 800 oC, as shown in Figure 5. All 

the experiments have been repeated several times and the error bars confirm the high reproducibility of the 

results. Larger variability at 800 oC is due to the activation period of methane activation with oxygen 

carriers. A similar trend can be seen for oxygen carrier reduction compared and oxygen carrier oxidation. 
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At 600 oC, the reduction conversion rates of 0.5%, 1%, 2%, and 5% Co doped Fe2O3 were 244%, 310%, 

390%, and 423% higher than that of un-doped Fe2O3, respectively. At 700 oC, the reduction conversion 

rates of 0.5%, 1%, 2%, and 5% Co doped Fe2O3 were 334%, 439%, 526%, and 494% higher than that of 

un-doped Fe2O3, respectively. Meanwhile, at 800 oC, the reduction conversion rates of 0.5%, 1%, 2%, and 

5% Co doped Fe2O3 were 222%, 363%, 424%, and 463% higher than that of un-doped Fe2O3, respectively. 

The reduction conversion rates of Co-doped Fe2O3 improve when the dopant concentration is increased 

from 0.5% to 2% in almost all circumstances. However, the enhancement of reduction conversion rates 

slowdown from 2% to 5% Co-doped Fe2O3, where a large amount of impurity spinel phase was found in 

XRD. Therefore, the impurity spinel phases, such as CoFe2O4, would not help to improve the conversion 

rates of oxygen carriers at these temperatures. 

 The surface oxygen species, characterized by XPS, also influence the oxygen carriers’ reactivity 

performance. The defective oxygen, one of the oxygen species, shown in third column of Table 2, proved 

to be effective for methane oxidation and an indicator of oxygen vacancy formation on the surface. The 

ratios of defective oxygen in all Co-doped Fe2O3 samples are higher than un-doped Fe2O3, indicating that 

Co doping facilitates the oxygen vacancy formation on the surface of Fe2O3. However, the ratio of –OH 

increases for 0 to 1% Co-doped Fe2O3 and then drops for 1% to 5% Co-doped Fe2O3 samples, which 

explains the diminished enhancement of reduction conversion rates from 2% to 5% Co-doped Fe2O3 as 

shown in Table 2. 

To gain mechanistic insight into the role of 2% Co doping in the reactivity enhancement of Fe2O3 oxygen 

carriers, we investigated CH4 adsorption and dissociation on Fe2O3 (001) surface models with and without 

Co dopant using DFT+U calculations. The use of periodic models eliminates edge effects and allows for a 

more accurate description of surface relaxation. Depending on the cleavage position and the ordering of 

iron and oxygen atoms, three possible terminates can be built: Fe(II)-O-Fe(I)-Fe(II)-O-, O-Fe(I)-Fe(II)-O-Fe(I)- 

and Fe(I)-Fe(II)-O-Fe(I)-Fe(II)- as shown Figure 6a. It was found that the free energy of the Fe(II)-O-Fe(I)-Fe(II)-

O- terminated surface is 1.22 J/m2, which is lower than the free energy of the O-Fe(I)-Fe(II)-O-Fe(I)- 
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terminated surface (2.05 J/m2) and the Fe(I)-Fe(II)-O-Fe(I)-Fe(II)- terminated surface (4.03 J/m2). Therefore, 

substitutions were made at the slab with the Fe(II)-O-Fe(I)-Fe(II)-O- termination as shown in Figure 6b. Using 

the first oxygen layer as the reference layer s, we replaced Fe(II) at the s+1 layer with one Co atom to build 

the doping system, Co(s+1)-O-Fe(I)-Fe(II)-O-. Then one Co atom was used to replace Fe(I) at the s-1 layer to 

build the Fe(II)-O-Co(s-1)-Fe(II)-O- system, or Fe(II) at the s-2 layer to build the Fe(II)-O-Fe(I)-Co(s-2)-O- system. 

The surface free energy of the Co(s+1)-O-Fe(I)-Fe(II)-O- system is 1.350 J/m2, while the surface free energy 

of the Fe(II)-O-Co(s-1)-Fe(II)-O- and  Fe(II)-O-Fe(I)-Co(s-2)-O- systems are 1.357 J/m2 and 1.355 J/m2, 

respectively. Similarly, we replaced an Fe atom in s-4 and s-5 layer with one Co atom, and found the surface 

free energies of Fe(II)-O-Co(s-4)-Fe(II)-O-,  and Fe(II)-O-Fe(I)-Co(s-5)-O- systems were 1.353 J/m2 and 1.356 

J/m2, respectively. This indicates that the substitution may occur on the surface or subsurface, which agrees 

with the experimental finding that Co dopant atoms do not have a tendency to accumulate at the surface.  

For the Co(s+1)-O-Fe(I)-Fe(II)-O- terminated surface, the doping effect on the oxygen vacancy formation 

was examined. Three defective configurations were considered: (i) the slab with one oxygen vacancy at the 

outmost layer adjacent to the Co dopant, labeled as Co(s+1)-VO(s)-, (ii) the slab with one oxygen vacancy at 

the subsurface close to the Co dopant labeled as Co(s+1)-VO(s-3)-,   and (iii) the slab with one oxygen vacancy 

away from the dopant labeled as Co(s+1)••• VO(s)- (Figure 6b). It was found the formation energy of oxygen 

vacancy VO(s) in Co(s+1)-VO(s)- is 181.82 kJ/mol, which is 76.74 kJ/mol lower than that on the Fe2O3 surface 

without Co dopant. For Co(s+1)-VO(s-3)-, the formation energy of the oxygen vacancy VO(s-3) is 29.56 kJ/mol 

lower than the formation energy of VO(s-3) in the undoped surface. The oxygen vacancy VO(s) in Co(s+1)•••VO 

(s)- is also easier to form compared to that in the undoped surface due to a lower oxygen vacancy formation 

energy. This indicates that 2% concentration of Co dopant can facilitate the diffusion and removal of lattice 

oxygen atoms by reducing the formation energy of oxygen vacancy, which agrees with XPS results. 

Previously, it was found that oxygen vacancies play an important role in CH4 partial oxidation on a 

Fe2O3 surface [44]. Here we investigated the effect of Co doping induced oxygen vacancy on CH4 

decomposition. To determine the reaction pathway, we use a three-step approach within the framework of 
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DFT: (1) all possible H and CHx adsorption sites on the Co-doped surface were examined, (2) all possible 

reaction paths to the intermediates and products were calculated, and the lowest barrier reaction channels 

were chosen as the means to reach the next intermediates, and thus the competing paths with higher reaction 

barriers are not investigated further, and (3) the previous two steps are repeated in succession until CH4 is 

fully decomposed to one carbon atom and four hydrogen atoms . Based on this approach, the CH4 

decomposition energy profile was mapped out as shown in Figure 7. TS1 denotes the transition state of 

CH4 dissociation into CH3 and H occurring on the undoped Fe2O3 (001) surface while TS1’ represents the 

transition state of CH4 initial dissociation on the 2% Co-doped Fe2O3 (001) surface. At the transition state 

TS1’, the C–H bond is elongated to 1.895 Å and the distance between C and Co atom is reduced to 1.962 

Å. As a result of the C–H cleavage, H binds to the nearest surface lattice O atom to form a hydroxyl species 

with a O–H bond of 0.955 Å. Meanwhile, the CH3 radical moves towards the oxygen vacancy site. The 

barrier of this step is 85.2 kJ/mol, which is 68.3 kJ/mol lower than that of CH4 dissociation on the undoped 

Fe2O3 (001) surface. The CH3 radical adsorbed on Co-doped Fe2O3 (001) surface further dissociates to one 

CH2 radical and one H atom. At the transition state TS2’ of this step, the CH2 radical remains at the oxygen 

vacancy site while the decomposed H atom moves towards another surface lattice O site, leading to a 

relatively low barrier of 80.1 kJ/mol, It indicates Co induced oxygen vacancy VO(s) significantly promotes 

CH4 and CH3 activation. Similarly, it was found that VO(s) also facilitates CH2 and CH radical dissociation 

by reducing their activation barriers as shown in Figure 7. 

. It is worth noting that if two H atoms at two neighboring O sites of the Fe2O3 (001) surface directly 

approach each other to form H2 (denoted as H-O path), it needs to overcome a high energy barrier of 247.1 

kJ/mol due to the strong O–H bonds and the lack of active sites. This process is highly endothermic with a 

reaction energy of 72.3 kJ/mol. Thus, H2 formation via binding two H atom from hydroxyl groups on the 

surface is both kinetically and thermochemically unfavorable. Alternatively, if one H atom migrates from 

the O site to the Fe site and then binds to another H atom at the O site (denoted as H-O/H-Fe path), the H2 

formation barrier can be dramatically reduced to 79.1 kJ/mol. The barriers of H migration from the O site 
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to the Fe site on the Fe2O3 (001) surface and Co-doped Fe2O3 (001) surface are 124.5 kJ/mol and 95.7 

kJ/mol, respectively, as shown in Figure 8. This result also clearly indicates Co doping favors the H2 

production.  

        When the oxygen carrier Fe2O3 is gradually reduced in CLR, Fe3O4 and FeO will form. Therefore, we 

also examined 2% Co dopant effect on the reactivity of Fe3O4 and FeO. 2% Co-Fe3O4 has a cubic inverse 

spinel structure with a lattice constant of 8.389 Å (8.396 Å for Fe3O4). The O anions form a close-packed 

face-centered cubic (FCC) structure with Fe2+ and Fe3+ ions located in the interstitial sites. Based on this 

model, we calculated the CH4 activation barrier and found it was 59.68 kJ/mol lower than that on undoped 

Fe3O4. These results confirm that Co dopants can significantly enhance the catalytic activity of iron oxide 

for CH4 conversion, which has been observed experimentally. 

5. Conclusion 

The low concentrations of aliovalent Co dopant can dramatically increase the reactivity of iron-based 

oxygen carriers for CLR while maintaining their recyclability. TGA experiments show that 2% Co dopant 

concentration is optimal for methane conversion rate and cost of oxygen carriers. The conversion rate of 

2% Co-doped iron oxide increased by 390%, 526%, and 424% at 600 oC, 700 oC, and 800 oC in CLR, 

respectively, relative to non-doped iron oxide, DFT calculations are performed to systematically examine 

the oxygen vacancies and the active sites of Co-doped Fe2O3 oxygen carriers, as well as CH4 activation and 

dissociation on the doped surface. It was found that the Co dopant can facilitate the diffusion of adjacent 

lattice oxygen atoms and the formation of oxygen vacancies. The Co-doping-induced oxygen vacancy not 

only reduces the activation barrier of CH4 but also significantly reduces the activation barriers of CHx 

radicals, leading to the reactivity enhancement of Co-doped Fe2O3 oxygen carrier. On the basis of activation 

energy calculations, a catalytic path for CLR over the 2% Co-doped Fe2O3 oxygen carrier is proposed where 

hydrogen abstraction occurs near the induced oxygen vacancy. This reveals the relationship between the 

surface geometry of iron-based oxygen carriers with aliovalent dopants and the activity of the oxygen 

carrier, and provides a catalytic dopant screening strategy for methane conversion enhancement in CLR. 
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These findings will contribute to the systematic design of high performance catalytic oxygen carriers for 

future commercialization of CLR.  
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Table 1 The average grain sizes of various materials 

Samples Grain sizes (μm) 

Fe2O3 4.04 

0.5% Co-doped Fe2O3 4.67 

1% Co-doped Fe2O3 3.89 

2% Co-doped Fe2O3 3.89 

5% Co-doped Fe2O3 4.01 
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Table 2 The distribution of different Co or O species in samples 

Sample O 1s lattice oxygen (%) 
O 1s hydrated or defective 

oxygen (%)  

O 1s C=O, organic oxygen 

(%)  
Co/O (%) 

Fe2O3 50.4 40.1 9.4 0 

0.5% Co-doped Fe2O3 54.4 45.6 0 1.1 

1% Co-doped Fe2O3 49.0 51.0 0 1.9 

2% Co-doped Fe2O3 41.6 49.7 8.7 1.9 

5% Co-doped Fe2O3 46.5 41.3 12.1 2.2 
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Figure 1. XRD patterns of Fe2O3 and Co-doped Fe2O3 with various dopant concentrations 
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.  

Figure 2.  SEM images of of (a) Fe2O3, (b) 0.5% Co-doped Fe2O3, (c) 0.5% Co-doped Fe2O3 after redox 

cycles, and (d) 1% Co-doped Fe2O3, (e) 2% Co-doped Fe2O3, and (f) 5% Co-doped Fe2O3 
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Figure 3.  XPS Co 2p3/2 spectra of (a) undoped Fe2O3, (c) 0.5% Co-doped Fe2O3, (e) 1% Co-doped 

Fe2O3, (g) 2% Co-doped Fe2O3, (i) 5% Co-doped Fe2O3; O 1s spectra of (b) undoped Fe2O3, (d) 0.5% Co-

doped Fe2O3, (f) 1% Co-doped Fe2O3, (h) 2% Co-doped Fe2O3, (k) 5% Co-doped Fe2O3 
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Figure 4. TGA 10 redox cycles results of Fe2O3 and 2% Co-doped Fe2O3 at 600 oC for (a) reduction and 

(b) oxidation, at 700 oC for (c) reduction and (d) oxidation, and at 800 oC for (e) reduction and (f) 
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oxidation, respectively. 

 

Figure 5. TGA average redox conversion results of different Co dopants concentrations at different 

temperatures for (a) oxygen carrier reduction and (b) oxygen carrier oxidation. 
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Figure 6.  (a) The side view of Fe2O3 (001) surface with Fe(II)-O-Fe(I)-Fe(II)-O-, O-Fe(I)-Fe(II)-O-Fe(I)- and 

Fe(I)-Fe(II)-O-Fe(I)-Fe(II)- termination, (b) the top view of Co-doped Fe2O3 (001) surface with oxygen 

vacancies. The yellow balls denote oxygen vacancies, the purple balls denote Fe atoms, the red balls denote 

oxygen atoms and blue ball denote Co atom. The red ball with a gray circle in the top view represents the 

oxygen atom in the subsurface. 
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Figure 7.  Energy profile for CH4 decomposition to C+4H on the undoped Fe2O3 (001) surface and 2% 

Co-doped Fe2O3 (001) surface. ad denotes the adsorption. 

 

 

Figure 8.  Energy profile for H2 formation on the undoped Fe2O3 (001) surface and 2% Co-doped Fe2O3 

(001) surface.  
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