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Abstract 

Supporting materials are often employed to enhance the stability of iron oxides oxygen 

carriers, but the reactivity is compromised for the dilution of the active phase. Here, we 

report several iron oxides supported by ionic conducting gadolinium-doped cerium 

oxides (GDC) for efficient chemical looping hydrogen production. The results show 

that GDC support can simultaneously improve redox stability and activity. Specifically, 

the produced Fe2O3/Gd0.3Ce0.7O3-δ exhibits a high hydrogen production rate of ~0.71 

mmol·g-1·min-1 and hydrogen yield of ~10 mmol·g-1 with negligible decay through 20 

redox cycle. When using methane as the reducing agent, Fe2O3/Gd0.3Ce0.7O3-δ shows 

high methane conversion of 75.67% and much lower carbon deposition than Fe2O3. The 

high performance is attributed to the improved oxide ion-conductivity through the 

oxygen carrier, which is further verified as the ability of the GDC support to accelerate 

the oxygen diffusion in the bulk. The explored support effects in this work can be 

extended to design oxygen carrier materials with both high activity and stability. 

Keywords: Chemical looping; Oxygen carrier; Hydrogen production; Support Effects 
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1. Introduction 

The concern for the global warming has triggered hydrogen drawn special focus 

during the recent decades [1,2]. However, most hydrogen exist in the form of chemical 

compounds [3]. For hydrogen to be used as the energy vector, it has to be produced 

manually and of high purity [4,5].  

To date, over 90% hydrogen is produced from methane via the steam-methane 

reforming process (SMR), as the renewable counterparts (biomass, solar, and wind) 

lack technical and economic feasibility [6,7].  Since the high abundance of methane, 

hydrogen will continue to be produced using methane as the feedstock in the 

foreseeable future. However, some distinct deficiencies still exist for the SMR process, 

e.g. the penalty of vast fuel to keep the high operating temperature [8], the technical 

complications, the energy consumption associated with the hydrogen post-purification 

[9]，and the CO2 emission during this process [10]. Therefore, there exists an urgent 

demand for clean and efficient hydrogen production technologies.  

Among the various emerging options for hydrogen production, chemical looping 

water splitting shows high potential for the inherent hydrogen separation, instinct CO2 

capture [11,12] and the ability to be operated at mild conditions [13,14]. Typical 

chemical looping water splitting process involves two redox steps using the transition 

metal oxides as the oxygen carrier materials (OCMs). In the reduction step, the oxygen 

carrier materials are reduced by the fuels (methane, etc.), producing oxygen vacant 

OCMs capable of splitting water. Subsequently, the reduced OCMs are regenerated by 

the steam whilst producing hydrogen in the oxidation step [15]. Overall, the chemical 
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energy of fuels is transmitted to split water through the redox cycle using the OCMs as 

the looping media [16].  

Many oxygen carriers have been investigated for the chemical looping water splitting 

processes with iron [17], cobalt [18], copper [19], and cerium oxides [20] the most 

widely used. Among all the potential materials, iron oxides have drawn special attention 

due to the low cost, high oxygen capacity and high accessibility as compared with the 

counterparts. However, pure iron oxide has to be operated at high operating 

temperatures to ensure the sufficient activity (>750 oC). In addition, Fe2O3 is 

susceptible to severe sintering after several redox cycles leading to the rapid 

deterioration on the performance, especially at harsh operating conditions [21]. Much 

research has been done to mitigate the sintering on various refectory materials (SiO2 

[22], MgAl2O3 [23]., Al2O3 [24], etc.) supported iron oxides. These refractory 

supporting materials functioned as the physical barriers between the active phase, could，

to some extent, limit the active particle immigration and thereby the sintering [25]. 

However, the surface concentration of the active phase was diluted, leading to the decay 

on the redox activity. The previous study [23] has focused on the redox properties of 

the Fe2O3/Al2O3 OCMs during the chemical looping water splitting process. The results 

manifested that materials with 20 wt% Al2O3 exhibited the hydrogen production rate of 

~0.32 mmol.g-1.min-1 and the hydrogen production rate decayed to ~0.24 mmol.g-1.min-

1 when increasing the Al2O3 loading to 50 wt%. Liu et al. [26] also investigated the 

effect of the active phase content on the activation energy. Their results manifested that 

depositing active Fe2O3 on the inert Al2O3 support elevated the activation energy and 
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diminished the activity. Hafizi et al. [24] also deposited Fe2O3 on Al2O3 for chemical 

looping methane conversion, the results showed that the adding of Al2O3 in Fe2O3 

increased the carbon deposition, which in turn decreased the CH4 conversion during the 

first few cycles. The previous study [27] has demonstrated that the carbon deposition 

can be attributed to the lack of active surface oxygen and the adding of inert support 

can lead to the sluggish of oxygen diffusion from the bulk to the surface. It is reasonable 

to speculate that the carbon deposition as well as the relatively low CH4 conversion can 

be mitigated by the ionic-conducting support, which can enhance bulk phase oxygen 

diffusion to the surface. 

Recently, some researchers have deposited Fe2O3 on active ionically conducting 

ceramics support and found the support enhanced sintering resistance without 

diminishment in the redox activity [28,29]. For example, Kosaka [30] et al. presented 

yttria-stabilized zirconia (YSZ) and CeO2 as support. The YSZ supported Fe2O3 were 

subjected to 20 redox cycles and exhibited 1.5 times higher hydrogen production rate 

than unsupported Fe2O3 at 900 oC. Similar work was reported by Li et al. [21] with the 

La0.8Sr0.2FeO3-δ (LSF) perovskite as the active support. The results showed that the LSF 

modified iron oxides exhibited steam conversion as high as 67% which is 3 times higher 

steam conversion for the than the conventional ferrites. Fan et al. [31] employed TiO2 

as support. Their combined experimental and simulation results revealed that the 

enhancement of oxygen-ion diffusion leads to formation of reactive and stable particles, 

thus leading to the improved chemical looping performance. 

In the current work, we presented several GdxCe2-xO3-δ (x=0.1, 0.2, 0.3, 0.4, 0.5) 
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supported Fe2O3 (labelled as Fe2O3/GDC-10, Fe2O3/GDC-20, Fe2O3/GDC-30, 

Fe2O3/GDC-40, Fe2O3/GDC-50) to further explore the support effects. The transient 

pulse reaction and electrochemical impedance spectroscopy measurement were 

conducted to obtain the insight mechanisms.  

2. Experimental 

2.1. Sample synthesis 

The Fe2O3 used in this article was purchased from the Aladdin without further 

purification. The GCD materials were synthesized through the sol-gel method [32]. The 

typical procedure is shown as follows: the stoichiometric amount of metal nitrates, 

polyethylene glycol-400 (PEG-400) and citric acid were dissolved in deionized water. 

The obtained solution was stirred and heated at 95 oC overnight to evaporate the water 

and then dried in an oven for 6 hours till the dry gel was formed. Finally, the gel was 

calcined at 900 oC in a muffle under continuous air to eliminate the organics. The 

Fe2O3/GDC composites were synthesized by a simple solid-phase blending method. 

The Fe2O3 and GDC materials were sieved to the desired particle size. The obtained 

particles were then blended with the weight ratio of Fe2O3: GDC=7:3 and calcined in a 

muffle at 900 oC under continuous air injection. The obtained powder was ready for use 

after being grounded and sieved. 

2.2 Structure characterization 

The XRD patterns were collected using a Japan Science D/max-R diffractometer 

with the scanning scope (2 theta) ranging from 5o to 80o and the stepwise of 0.5o. The 

X-ray was generated with a Cu Kα radiation. The morphologies of the samples were 
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obtained by the SEM measurement with an S-3400 N II electron microscope. The 

particle size distribution of the oxygen carriers was measured by a laser particle size 

analyzer (Beckman Coulter LS200). A Shimpo FGN-5 crushing strength apparatus was 

used to investigate the mechanical strength of the particles. The carbon deposition of 

the reduced samples was investigated by a Tecnai G2 F30 S-Twin TEM. 

2.3 Redox tests 

The obtained Fe2O3/GDC composites were investigated for chemical looping 

hydrogen production in a lab-scale fixed bed (Fig. S1). In a typical redox cycle, 500 mg 

composites were sandwiched by the quartz-wool and placed in the middle of the reactor. 

Subsequently, the sample was heated to the desired temperatures with the ramping of 

10 oC/min under continual nitrogen (1200 ml/min). Then, the materials were 

alternatively exposed to the reducing gas (1200 ml/min 20 vol% CO in N2) and 

oxidizing gas (0.25 ml/min water + 1000 ml/min N2). The effluent was monitored and 

recorded by the MRU gas analyzer. To obtain the apparent activation energy, the redox 

cycles were performed at 550 oC, 650 oC, 750 oC and 850 oC. The stability of the 

Fe2O3/GDC composite was investigated through 10 repetitive redox cycles at 650 oC. 

To investigate the performance of oxygen carriers for methane conversion, 300 mg 

of materials was exposed to the reducing gas of 15% methane balanced Ar (300 ml/min, 

STP) in a fixed bed reactor at 650 oC. Carbon deposition was determined by the CO 

and CO2 generated during the regeneration of the oxygen carriers in oxygen. The 

effluent of the outlet gas was continuously monitored by the with a mass spectrometer 

(PrismaPlus).  
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2.4 Transient pulse injection experiment 

The transient pulse injection reaction was employed to investigate the influence of the 

relaxation time on the distribution of lattice oxygen and the resulting change in CO 

selectivity in a U-shaped reactor. Typically, 5 pulses of 20% CO (2.5 ml, balance Ar) 

were injected at 15 seconds intervals and allowed by a longer relaxation (2.5 minutes) 

followed by a single 20% CO pulse at 650 oC. The pulse reaction in the oxidation stage 

was conducted using a similar procedure with 20% CO2 (2.5 ml, balance Ar) as the 

oxidation gas. The effluent was monitored with a mass spectrometer (PrismaPlus).  

2.5 Oxide ion-conductivity test  

The Electrochemical Impedance Spectroscopy (EIS) measurement was applied to 

investigate the oxide ion-conductivity of the materials. The pellets for the EIS 

measurement was fabricated by two NCAL-pasted Ni-foam electrodes to sandwich the 

Fe2O3/GDC composites, forming the asymmetric structure, i.e., NCAL-

Ni/composite/NACL-Ni. The material was compressed into a pellet under a uniaxial 

load of 280 MPa and sintered at 600 oC in the muffle for 1.5 h to get the resultant cell. 

The obtained cells were fabricated with an active area of 0.62 cm2 and 2.3 mm thickness. 

The measurement was performed on a CHI660B electrochemical workstation 

(Chenhua, China). For ion-blocking condition measurement, a platinum-foil inert 

electrode was used to block all ions transport. When the DC voltage was applied to the 

pellet, the inside oxygen was exhausted through the pellet towards the outer side. In 

steady-state, the chemical potential of oxygen at inner Pt electrode/sample interface is 

reduced toward the outer Pt electrode. However, the oxygen flow is blocked at the inner 
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electrode because of the applied potential difference. Thus, the residual current is 

governed only by the electrons in the sample, implying that only electron transport can 

contribute to the measured conductivity. As to air-condition measurement, the ion 

source is only oxygen ion (O2-), thus O2- ion and electron transport can affect the 

measured result. The conductivity of the materials was calculated by: 

𝜎 =
1

R
×
𝑆

𝐿
 

Where R represents the total resistance of the materials, S is the valid area of the cell 

and L denotes the thickness of the cell. 

3. Results 

3.1. Structural characterization of the materials 

Fig. 1 shows the powder X-ray diffraction patterns of the fresh nanoparticles. All 

supported materials exhibited peaks suited at around 33.2o, 47o, 56o, and 59o, which is 

the characteristic peaks for Fe2O3 (PDF# 33-0664). The peaks corresponding to GDC 

(PDF# 75-0161) at 28.6o, 33.2o, and 47.6o could also be found for these materials. No 

plane of gadolinium is observed resulted from its proper doping in ceria lattice. The 

XRD patterns revealed that all materials were composed of Fe2O3 and cubic fluorite 

structure GDC. It can also be observed that lattice constants were 5.16 Å, 5.19 Å, 5.26 

Å, and 5.31 Å for the Fe2O3/GDC-10, Fe2O3/GDC-20, Fe2O3/GDC-30, and 

Fe2O3/GDC-50, respectively. This variation was attributed to the larger ionic radii of 

Gd+3 (1.19 Å) than Ce3+ (1.01 Å) in the GDC materials. Fig. 2 presents the SEM images 

of the Fe2O3/GDC materials. All the materials exhibited agglomerated quasi-spherical 

structure, thus eliminating the influence by the variation of morphology. According to 
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the results of the particle size analysis, the materials exhibit the mean particle size of 

420 nm, 395 nm, 348 nm, 364 nm, 367 nm, and 403 nm for Fe2O3, Fe2O3/GDC-10, 

Fe2O3/GDC-20, Fe2O3/GDC-30, Fe2O3/GDC-40, and Fe2O3/GDC-50, respectively. 

More structure properties of the oxygen carriers are shown in Table S1.  

 

Fig. 1 Powder X-ray patters of the as-calcined materials at 900 oC 
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Fig. 2 SEM images of the fresh nanoparticles. (a) Fe2O3/GDC-10, (b) Fe2O3/GDC-20, 

(c) Fe2O3/GDC-30, and (d) Fe2O3/GDC-50. 

3.2 Effect of active support on redox reactions 

  The support effect of the GDC materials on the reduction performance of the iron 

oxides was investigated via the time-dependent solid conversion at the temperatures 

ranging from 550~850 oC. (Fig. 3a-e) As shown in Fig. 3a, the relative solid conversion 

(Fe2O3 to Fe) of pure iron oxide reached as high as 0.85 after exposing to the reducing 

gas for 10 minutes at 850 oC. However, the conversion for Fe2O3/Al2O3 decreased to 

0.8 at identical operating conditions, indicative of the deterioration effect of Al2O3 on 

the reactivity. On the contrary, the GDC support iron oxides exhibited improved 

reactivity. The solid conversion at 850 oC was 0.9, 0.91, 0.94, and 0.92 for Fe2O3/GDC-

10, Fe2O3/GDC-20, Fe2O3/GDC-30, and Fe2O3/GDC-50, respectively. The time 

required to achieve the nearly full reduction was lower than 8 minutes, indicating the 
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improved reactivity between the reducing gas and GDC doped materials. Specifically, 

the reaction of Fe2O3 and Fe2O3/Al2O3 are difficult to initiate at 550 oC, while the 

conversion of the GDC materials was kept as high as 0.52, 0.56, 0.62, and 0.55, 

respectively. A similar trend (Fig. 4) can be found during the oxidation stage with the 

Fe2O3/GDC displayed enhanced oxygen carrier conversion through the whole 

temperature range. The corresponding activation energy with 95% confidence intervals 

of the materials are shown in Fig. 5. The relatively lower activation energy for the 

Fe2O3/GDC through the redox reaction substantiated that the performance of iron 

oxides was improved by the adding of the ionic conducting GDC support. (Fig. 5). 

 

Fig. 3 Time resolved relative solid conversion for the oxygen carrier materials exposing 

to reducing gas (a) Fe2O3, (b) Fe2O3/Al2O3 (c) Fe2O3/GDC-10, (d) Fe2O3/GDC-20, (e) 

Fe2O3/GDC-30, and (f) Fe2O3/GDC-50. 
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Fig. 4 Time resolved of the relative solid conversion for the oxygen carrier materials 

exposing to oxidation gas (a) Fe2O3, (b) Fe2O3/Al2O3 (c) Fe2O3/GDC-10, (d) 

Fe2O3/GDC-20, (e) Fe2O3/GDC-30, and (f) Fe2O3/GDC-50. 

 

Fig. 5 Arrhenius plots to determine the activation energy for the oxygen carrier 

materials during (a) the reduction stage, and (b) the oxidation stage. 

   The long-term stability of the redox samples was evaluated by testing the hydrogen 

production during 10 redox cycles. As can be seen in Fig. 6, pure iron oxides exhibited 

rapidly decreased hydrogen yield and average hydrogen production rate over 20 redox 
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cycles. On the contrary, the supported materials exhibited much more stable trend. 

Typically, Fe2O3/GDC-30 showed the hydrogen production rate of ~0.71 mmol.g-

1.min-1 and hydrogen yield of ~10 mmol.g-1 in the first cycle. After 20 redox cycles, the 

hydrogen production rate and yield remained as high as ~0.66 mmol.g-1.min-1 and ~9.4 

mmol.g-1
 for Fe2O3/GDC-30. 

The performance of oxygen carriers for methane conversion are shown in Fig. 7. As 

can be seen in Fig. 7(a), all GDC supported Fe2O3 shows enhanced CH4 conversion 

with Fe2O3/GDC-30 shows the highest CH4 conversion of 75.67%. The carbon 

deposition of the oxygen carriers was evaluated by the amount of CO and CO2 by 

generating the oxygen carriers in oxygen (Fig.7 (b)). The results showed decreased 

carbon yield for GDC-supported Fe2O3.The TEM images of the reduced samples 

(inserted in Fig. 7(b)) further verified the decreased carbon deposition by the support 

of ionic conducting GDC materials. The time-resolved hydrogen production rate and 

the corresponding steam to hydrogen conversion during the 1st and 20th cycle are shown 

in Fig. S2. 

 

Fig. 6 Hydrogen production performance of the oxygen carriers over 20 redox cycles. 
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(a) average hydrogen production rate, (b) total hydrogen yield. 

 

Fig. 7 CH4 conversion performance of oxygen carriers in terms of (a) CH4 conversion 

and (b) carbon yield during the reduction reaction. 

 

Mechanism insights 

According to Li’s research [33], the redox chemical looping process followed the 

modified Mars–van Krevelen mechanism, i.e., the consumed oxygen on the surface, 

which is used to oxidize the fuel, is replenished by the lattice oxygen from the bulk 

whilst forming oxygen vacancies. The influence of the relaxation time (the time 

between consecutive pulses) on the oxygen diffusion was evaluated by the pulse 

injection experiments. 

The pulse injection results are shown in Fig. 8a, the selectivity of CO significantly 

increased during the injection of 5 pulses (15 s relaxation) for all the materials due to 

the consumption of chemisorbed and surface oxygen species [27]. However, resting the 

materials for a much longer time (2.5 min) resulted in the decrease in CO selectivity. 

Typically, the CO selectivity for Fe2O3 decreased by 6.5% from 78.2% to 72.7% after 

2.5 minutes relaxation, which was significantly lower than that of the Fe2O3/GDC. The 
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much higher CO selectivity decrease for Fe2O3/GDC could be attributed to the 

improved oxygen diffusion from the bulk to the surface by the GDC support. Further, 

Fe2O3/GDC-30 showed the highest CO selectivity decay of 13% among all the 

supported materials, indicating that Fe2O3/GDC-30 exhibited the highest oxygen 

conductivity during the reduction stage. A similar conclusion can be drawn for the 

materials during the oxidation stage using CO2 as the oxidizing agent. As can be seen 

in Fig. 8b, Fe2O3/GDC-30 presented the decline in CO selectivity from 82.1% to 49.8% 

during the first 5 cycles (15s relaxation), while the selectivity increased to 57.1% in the 

6th pulse after resting the material for a longer time (2.5 min). The relatively low CO 

selectivity for the Fe2O3/GDC-30 resulted from the high oxide ion-conductivity in the 

oxidation stage. It can be concluded from the pulse injection tests that the bulk oxygen 

diffusion constituted the rate-limiting step of the chemical looping processes and the 

oxygen diffusion process of pure iron oxides was altered by the support materials. 

 

Fig. 8 Effect of relaxation time on CO selectivity at 650 oC during (a) the reduction 

stage, and (b) the oxidation stage. 

The electrochemical impedance spectroscopy (EIS) measurement was also carried out 
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to further investigate the effect of support on the oxygen diffusion. Fig. 9 exhibits the 

EIS of the Fe2O3/GDC composites under air-condition in the temperature ranging from 

450~850 °C. The EIS spectra featured in the semi-circle for all the samples which can 

be modelled with an empirically electrochemical equivalent circuit (inset in Fig. 9). 

Generally, the circles at higher frequency come from the bulk and grain boundary and 

the lower frequency circles can be attributed to the electrodes. However, the resistance 

of the electrode and the current collectors are very small, the semicircle at lower 

frequency is undetectable. Furthermore, the high-frequency intercept of the semi-circle 

comes from the ohmic resistance (Rohm) of the cell. The intercept in the low-frequency 

region corresponded to the total resistance (Rohm + Rp) of the cell, where Rp represents 

the concentration polarization resistance. As shown in Fig. 8 a-g, the Rp of all the 

Fe2O3/GDC composites dominated in the total resistances due to the negligible ohmic 

resistance. Moreover, the grain boundary resistances in Fig. 9 a-g diminished 

remarkably as the elevated temperatures. This decreased grain boundary resistance can 

be attributed to the enhanced oxygen-ion migrations with the increasing operating 

temperatures. The temperature dependence of the electrical conductivity for the 

materials is summarized in Fig. 9 h. The Al2O3 supported Fe2O3 displayed lower total 

conductivity than that of Fe2O3. In comparation, the conductivity for the GDC-

supported Fe2O3 was one order of magnitude higher than that of pure Fe2O3. Typically, 

the Fe2O3/GDC-10 exhibited the total conductivity varied from 6.1*10-7 S.cm-1, 

8.29*10-7 S.cm-1 to 16.9*10-7 S.cm-1 corresponding to 450 oC, 650 oC and 850 oC, 

respectively. The conductivity is enhanced to 13.45*10-7 S.cm-1 for the Fe2O3/GDC-30 
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composites at 650 °C. The conductivity of the materials under ion-blocking conditions 

are summarized in Table 1. The electron conductivity of the materials was negligible 

as compared with the oxide ion-conductivity, indicating that the oxide ion conduction 

dominated for the total conductivity. Thus, it can be concluded that the adding of inert 

Al2O3 in pure iron oxides is unfavorable of the diffusion of oxygen atoms. On the 

contrary, the support of ionic conducting GDC materials improved oxygen ion diffusion 

of Fe2O3. Since oxygen diffusion constituted the rate limiting step during the chemical 

looping hydrogen production process, the enhanced hydrogen production performance 

can be attributed to the ability of GDC support to improve oxygen ion diffusion of 

Fe2O3. 

 

Fig. 9 Ion-conductivity performance of the samples. Electrochemical impedance 



  

19 
 

spectroscopy results (a) Fe2O3, (b) Fe2O3/Al2O3, (c) Fe2O3/GDC-10, (d) Fe2O3/GDC-

20, (e) Fe2O3/GDC-30, (f) Fe2O3/GDC-40, (g) Fe2O3/GDC-50, and (h) thermal 

evolution of the total conductivity under air-condition. 

Table 1. The conductivity of materials under air and ion blocking conditions at 
650 oC 

 𝜎 (*10-7 S.cm-1) 𝜎 (*10-11 S.cm-1) 

Fe2O3 1.75 4.61 

Fe2O3/Al2O3 1.25 5.33 

Fe2O3/GDC-10 8.29 4.58 

Fe2O3/GDC-20 9.82 4.92 

Fe2O3/GDC-30 13.45 6.71 

Fe2O3/GDC-40 11.53 6.34 

Fe2O3/GDC-50 10.61 3.96 

Conclusion 

Herein, we presented several GDC-supported iron oxides and explored their application 

for chemical looping hydrogen production. The results showed that Fe2O3/GDC-30 

presented the high hydrogen performance in terms of hydrogen production rate (~0.71 

mmol.g-1.min-1) and total hydrogen yield (~10 mmol.g-1).  When using methane as the 

reducing agent, Fe2O3/Gd0.3Ce0.7O3-δ shows high methane conversion of 75.67% and 

much lower carbon deposition than Fe2O3. The underline mechanism was explored by 

the transient pulse studies and the electrochemical impedance spectroscopy. According 

to the pulse reaction, the oxygen conduction constituted the rate-limiting step during 

the redox reactions. The electrochemical impedance spectroscopy further manifested 
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that the ionic-conducting GDC support could improve oxygen ion conductivity through 

the bulk, which in turn led to the enhanced hydrogen production performance. These 

findings indicate that oxygen carrier materials possessing high oxide ion-conduction 

can inhibit the sluggish of reaction kinetics which led to enhanced hydrogen production 

performance. 
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Supporting Information 

 

Fig. S1. Schematic diagram of the experimental setup for the chemical looping 

reactions. 
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Fig. S2. (a) time-resolved hydrogen production rate and (b) the steam to hydrogen 
conversion of oxygen carriers during the 1st redox cycle.  
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Table S1. Structure properties of the as-prepared samples. 

Sample Mean Particle size (nm) Crushing strength (N) 

Fe2O3 420 5.3 

Fe2O3/GDC-10 395 6.2 

Fe2O3/GDC-20 348 6.7 

Fe2O3/GDC-30 364 5.9 

Fe2O3/GDC-40 367 7.1 

Fe2O3/GDC-50 403 6.7 

 

 

 


