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a b s t r a c t 

Double-perovskite type oxide LaSrFeCoO 6 (LSFCO) was used as oxygen carrier for chemical looping steam 

methane reforming (CL-SMR) due to its unique structure and reactivity. Two different oxidation routes, 

steam-oxidation and steam-air-stepwise-oxidation, were applied to investigate the recovery behaviors of 

the lattice oxygen in the oxygen carrier. The characterizations of the oxide were determined by X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), hydrogen temperature-programmed reduction 

(H 2 -TPR) and scanning electron microscopy (SEM). The fresh sample LSFCO exhibits a monocrystalline 

perovskite structure with cubic symmetry and high crystallinity, except for a little impurity phase due 

to the antisite defect of Fe/Co disorder. The deconvolution distribution of XPS patterns indicated that Co, 

and Fe are predominantly in an oxidized state (Fe 3 + and Fe 2 + ) and (Co 2 + and Co 3 + ), while O 1 s exists at 

three species of lattice oxygen, chemisorbed oxygen and physical adsorbed oxygen. The double perovskite 

structure and chemical composition recover to the original state after the steam and air oxidation, while 

the Co ion cannot incorporate into the double perovskite structure and thus form the CoO just via in- 

dividual steam oxidation. In comparison to the two different oxidation routes, the sample obtained by 

steam-oxidation exhibits even higher CH 4 conversion, CO and H 2 selectivity and stronger hydrogen gen- 

eration capacity. 

© 2016 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

As a subclass of perovskite-type oxides ABO 3 , the double

erovskite-type oxide AA 

′ BB 

′ O 6 have attracted more and more at-

entions as magnetic materials [1] , superconducting materials [2] ,

nd catalytic materials [3–5] , due to its unique structure and mul-

iple properties. In the double perovskite-type A 

′ A 

′ ′ B 

′ B 

′ ′ O 6 struc-

ure, B 

′ −O 6 and B 

′ ′ −O 6 octahedras are arranged alternately by the

ay of corner-sharing with A cations occupy the voids between

he octahedral [6] . The sequence of B 

′ −O −B 

′ ′ chain is formed by B 

′ 
Abbreviations: LSFCO, LaSrFeCoO 6 ; CL-SMR, chemical looping steam methane re- 

orming; XRD, X-ray diffraction; XPS, X-ray photoelectron spectroscopy; H 2 -TPR, hy- 

rogen temperature-programmed reduction; SEM, scanning electron microscopy; 

SFCO-S, reacted sample after CH 4 –H 2 O cycle; LSFCO-A, reacted sample after 

H 4 –H 2 O-air cycle. 
∗ Corresponding author. Fax: + 86 2087057737. 

E-mail address: hefang@ms.giec.ac.cn (F. He). 
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nd B 

′ ′ cations in an ideal double perovskite-type structure. While

n order-reduced or disordered state is associated with a random

istribution of B 

′ −O −B 

′ , B 

′ −O −B 

′ ′ or B 

′ ′ −O −B 

′ ′ chains [7] . It is

enerally believed that the catalytic activity of double perovskite-

ype oxide is mainly decided by the B-site cations, while the A-

ite cations play a role in the controlling of valence state of B-

ite metals and stabilizing the structure, simultaneously causing

he lattice defects [8] . Therefore the most interesting phenomenon

n double perovskite-type oxide is the interaction and synergistic

ffects between the B 

′ and B 

′ ′ cations. The catalytic activities of

ouble perovskite-type oxides can be effectively improved through

he synergy and coordination of the metals in the special struc-

ure and the different configurations and exchange interactions be-

ween A 

′ /A 

′ ′ and B 

′ /B 

′ ′ metals provide an extensive modeling space

or researchers. 

At present, chemical looping steam methane reforming (CL-

MR, as shown in Fig. 1 ) technology is mainly concentrated on the
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 

http://dx.doi.org/10.1016/j.jechem.2016.11.016
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Fig. 1. CL-SMR for syngas and hydrogen production. 
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r  

r  
finding of excellent oxygen carriers with high methane conversion,

high syngas selectivity, high sintering resistance and good activ-

ity for water splitting to produce hydrogen. In the CL-SMR pro-

cess, methane is partially oxidized to syngas by the lattice oxy-

gen of the oxygen carrier in the reformer reactor ( M x O y +C H 4 →
M x O y −δ1 −δ2 +(2 H 2 +CO) ), and the reduced oxygen carrier is oxi-

dized by steam to recover oxygen and simultaneously to produce

hydrogen in the steam reactor (M x O y - δ1 −δ2 + H 2 O → M x O y - δ1 + H 2 ).

Usually, an air oxidation stage is needed if the oxygen car-

rier cannot completely recovery oxygen by steam oxidation

(M x O y - δ1 + O 2 → M x O y ) [9–11] . Through this process, not only syn-

gas was obtained, the environmental friendly energy carrier

hydrogen also can be produced via two steps, without requir-

ing additional gas treatments such as reforming or shifting

and separation processes. In previous researches, various metals

[12,13] , complex metals [14,15] , perovskite oxides [16–18] or double

perovskite-type oxides [5] had been used as catalysts for methane

conversion. Results showed that perovskite-type oxides exhibited

excellent performance with high catalytic activity and stability.

Various substitutions or doping of perovskite-type oxides are ex-

ploited to satisfy the requests for various needs. As mentioned

above, double perovskite-type oxide is different from the single

perovskite-type oxide with special B 

′ -O −B 

′ ′ or B 

′ ′ −O −B 

′ ′ chains.

As far as we know, there is no report dealing with the catalytic

performance of double perovskite-type oxide for chemical loop-

ing steam methane reforming, especially from the points of both

chemical reforming of methane and water splitting. Also the cyclic

reactivity of double perovskite-type oxide for oxygen delivery has

no research. 

Generally, there are two kinds of oxygen species in the dou-

ble perovskite-type oxide. One is the adsorbed oxygen that related

to the defect oxides, or surface molecular oxygen with low coor-

dination, which is beneficial to the complete oxidation of CH 4 to

produce CO 2 and H 2 O. Another is the lattice oxygen that is con-

ducive to the partial oxidation of CH 4 for the generation of syngas.

As an oxidizing agent, steam with lower activity just can guarantee

the partial or total recovery of lattice oxygen. Therefore, steam and

air have been used successively to guarantee the recovery of lat-

tice oxygen and adsorbed oxygen in the CL-SMR process. Galinsky

[19] used perovskite CaMn 1- x B x O 3- δ as oxygen carriers for chemi-

cal looping with oxygen uncoupling. After the reduction step, air
s used to regenerate the oxygen carrier while producing heat for

ower generation. Neal [20] reported that the perovskite support

uch as La 0.8 Sr 0.2 FeO 3 (LSF) can enhances the activity of iron oxide

or methane conversion by nearly two orders of magnitude. After

he partial oxidation of methane using the lattice oxygen in the

eO x @LSF, the lattice oxygen depleted from the redox catalyst is

ubsequently regenerated with air in the catalyst regenerator. Ac-

ording to Zhu who used Ce −Fe oxides as oxygen carrier [21] , the

attice oxygen of Ce −Fe oxides can be recovered by steam oxida-

ion to the original states; while the high-activity adsorbed oxygen

nd parts of metal ions are unable to be recovered. The elimination

f adsorbed oxygen has a positive effect in the CL-SMR for the gen-

ration of target product of syngas. Their results showed that the

ecrease of CH 4 conversion and increase of CO and H 2 selectiv-

ty were just because of the removal of adsorbed oxygen. And the

ydrogen generation capacity in the steam oxidation stage had no

bvious decline. But the degree of the recovery of lattice oxygen is

ot discussed. 

In the present work, double perovskite-type metal oxide

aSrFeCoO 6 (LSFCO) made by micro-emulsion method was used

s oxygen carrier for the CL-SMR process. The reactivities of

aSrFeCoO 6 were investigated in a fixed-bed reactor and the dif-

erent oxidation routes of steam-oxidation and steam-air stepwise-

xidation were performed to discuss the lattice oxygen recover

rocess. The fresh and reacted oxides were characterized by means

f X-ray diffraction (XRD), scanning electron microscopy (SEM), H 2 

emperature-programmed reduction (H 2 -TPR) techniques, and X-

ay photoelectron spectroscopy (XPS), attempting to correlate the

ctivity, structure and surface properties. 

. Experimental 

.1. Synthesis of the double perovskite-type oxide LaSrFeCoO 6 

Micro-emulsion method was used to prepare the dou-

le perovskite-type oxide LSFCO. The required amounts of

a(NO 3 ) 3 ·6H 2 O, N 2 O 6 Sr, CoN 2 O 6 ·6H 2 O and Fe(NO 3 ) 3 ·9H 2 O were

eighed at a desired stoichiometric ratio and dissolved in deion-

zed water. Then the surfactant Tritonx-100, cosurfactant n-butyl

lcohol and oil phase cyclohexane were added to make a mixture

f solution A. Meanwhile, the same ratio of surfactant Tritonx-100,

osurfactant n-butyl alcohol and oil phase cyclohexane were added

nto (NH 4 ) 2 CO 3 –NH 4 OH to make a mixture of solution B. After

hat, the solution B was slowly dripped into solution A to form sed-

ment under a water bath at 50 °C. The sediment was allowed to

ettle for 2 h and filtered by the suction funnel. Then two times of

thanol and deionized water were used to wash the sediment. Af-

er that, the sediment was dried overnight in a convection oven

t 110 °C. Finally, the as-prepared precursor was thermally decom-

osed at 500 °C for 2 h and calcined at 10 0 0 °C for 6 h. The result-

ng product was grounded to obtain the fresh double perovskite-

ype oxides of LSFCO. 

.2. Characterization 

The surface morphology and characteristics of the samples were

erformed by scanning electron microscopy with energy disper-

ive X-ray (SEM/EDX) on a Hitachi S4800 instruments. The crys-

al phases of the oxides were identified by XRD in a Japan Science

/max-R diffractometer with Cu K α radiation ( λ = 0.15406 nm), op-

rating voltage of 40 kV and current of 40 mA, and the diffraction

ngle (2 θ ) was scanned from 10 ° to 80 °. The hydrogen-temperature

rogrammed reduction (H 2 -TPR) experiments were conducted in

.0 vol% H 2 balanced with helium at a flow rate of 60 mL/min from

oom temperature to 800 °C with a heating rate of 10 °C/min. X-

ay photoelectron spectroscopy (XPS) was used to probe the near-
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urface composition of the oxides. The equipment was Thermo

isher Scientific Inc with an Al K α X-ray source at an operating

oltage of 20 kV and a current of 10 mA, under the conditions of

0 eV and 100 eV pass energy for the survey spectra and the single

lement spectra. 

.3. Reactivity tests 

CL-SMR reactivity evaluation was carried out in a fixed-bed

uartz reactor under atmospheric pressure which was reported in

ur previous work [22] . Methane oxidation activities of the oxides

2 g in each test) were evaluated in a fixed-bed quartz reactor un-

er atmospheric pressure at 850 °C. The flow rate of the feed gas

as set at 50 mL/min in which methane was 40.0 vol% and ni-

rogen gas use as balance gas. The product gases out of the re-

ctor were collected with gas bags and analyzed by a gas chro-

atograph (Shimadzu GC-2010plus). When the methane conver-

ion step finished, pure N 2 (50 mL/min) was fed to the reactor for

0 min to avoid mixing of gases arising during the two steps. Then

he steam generated by injecting demineralized water in an elec-

ric furnace at 400 °C using a micro pump was introduced into the

eactor for 20 min with N 2 as carrier gas (50 mL/min). The flow

ate of the water was controlled at 0.2 mL/min. After CH 4 reduc-

ion and steam oxidation, the reacted sample after CH 4 –H 2 O cy-

le was named LSFCO-S. Another sample, dry air (50 mL/min) was

ntroduced into the reactor for 10 min after the steam oxidation

tep, and the reacted sample after CH 4 –H 2 O-air cycle was named

SFCO-A. 

The CH 4 conversion, CO selectivity and H 2 selectivity were cal-

ulated as follows: 

ethane conversion (%)= 

Moles of methane consumed 

Moles of methane introduced 

×100%

(1) 

O selectivity (%) = 

Moles of CO produced 

Moles of methane consumed 

× 100% (2) 

 2 selectivity (%) = 

Moles of H 2 produce d 

Moles of methane consumed × 2 

× 100% . 

(3) 

or the successive CL-SMR cycles, the methane conversion step and

team oxidation step (air oxidation step) were circularly introduced

s above. 

. Results and discussions 

.1. SEM-EDS analysis 

The morphological features of fresh and reacted oxygen carri-

rs are characterized by SEM as shown in Fig. 2 . Besides, the el-

mental mappings exhibiting the distribution of C in the reacted

xygen carrier particles are analyzed by the SEM-EDX. It can be

bserved that the three samples are dispersed with mass of holes,

hich is beneficial for the delivery of oxygen species. The surface

f the fresh LSFCO is smooth with distinct connection boundaries.

ifferent sizes of holes are distributed in the grain boundaries

ith different particle sizes. While after the CH 4 reduction and

team/air oxidation, the surface morphology of samples LSFCO-S

nd LSFCO-A have no obvious change. But the particle surfaces be-

ome slightly rough due to the accumulative effects during the al-

ering reduction and oxidation leading to the crack and interstice

f particles. The carbon depositions in the reacted oxygen carriers

re illustrated by the SEM-EDX element mapping. It can be seen

hat the carbon generated from the methane decomposition are

istributed uniformly on the reacted oxygen carriers at the micron
evel. The carbon deposits cannot be completely eliminated by the

arbon gasification with steam or carbon oxidation reactions with

ir. Compared to the sample LSFCO-A, the carbon deposition in the

ample LSFCO-S does not appear to be much different. That means

he steam plays the same role for the carbon gasification/oxidation

s air. 

.2. XRD analysis 

The fresh, reduced, and regenerated double perovskite LSFCO

ere examined by XRD to identify the crystalline phases as shown

n Fig. 3 . It can be seen from Fig. 3 (a) that the XRD pattern of fresh

SFCO is in good agreement with JCPDS (Joint Committee on Pow-

er Diffraction Standards) card 01-075-0541, confirming the forma-

ion of the desired perovskite phase with cubic crystal system. Be-

ides, the characteristic peaks of impurity phases at 2 θ = 36 ° and

3 ° are also observed, representing a mixed metals solid solutions.

enerally, the ideal structure of LSFCO may be regarded as a regu-

ar arrangement of corner-sharing FeO 6 and CoO 6 octahedra, alter-

ating along three directions of the crystal, with La and Srcations

ccupying the voids between the octahedral [23,24] . But antisite

efects always exist in reality, causing a certain degree of Fe/Co

isorder, and consequently leading to the generation of impurity

hase. The existence of antisite disorder is inevitable in the double

erovskite structure and plays a vital role in their physical proper-

ies [25] . Fig. 3 (b) shows the XRD pattern of the reduced sample. It

an be seen that after exposure to the reducing atmosphere of CH 4 ,

he main structures of double perovskite are obviously changed.

he characteristic peaks of La 2 O 3 , SrO, Fe 2 O 3 , FeO, CoO, Co 0 and

e 0 are observed, which are corresponded to the reduction of Fe 3 + 

o Fe 2 + /Fe 0 and Co 3 + to Co 2 + /Co 0 . While the La 3 + and Sr 2 + main-

ain their valence states and present as the form of La 2 O 3 and SrO.

esides, a mixed oxide La 2 SrO x is also observed, supporting the as-

umption that A-site cations are non-catalytic. Then after the oxi-

ation reactions with steam or steam plus air, two samples LSFCO-

 and LSFCO-A recover the double perovskite structures with good

egenerability, as shown in Fig. 3 (c) and (d). For the sample LSFCO-

 after CH 4 –H 2 O cycle, the characteristic peaks at 2 θ = 36 ° and 42 °
re emerged, representing the oxide of CoO. It is well know that,

obalt is an element with unstable valence states compared to Fe.

t can be easily oxidized or reduced into different valence states

uch as Co 0 , Co 2 + or Co 3 + [26] . Therefore, the Co ion cannot incor-

orate into the double perovskite structure just by the oxidation

ith weak oxidizing agent steam, and thus form CoO. When the

xygen carrier is further oxidized by air, the characteristic peaks

f CoO disappear, and the structure of double perovskite-type re-

overs to the original state, as shown in Fig. 3 (d). Besides, the in-

ensity of the main characteristic peaks for samples LSFCO-S and

SFCO-A all increase compared to the fresh LSFCO, indicating the

ptimization of crystallinity. 

.3. XPS analysis 

The chemical state of the elements and surface composition of

he fresh and reacted LSFCO samples were investigated by XPS

easurement as shown in Fig. 4 . The intensive lines of La 3 d , Sr

 d , Fe 2 p , Co 2 p , O 1 s and C 1 s are observed within the binding

nergy of 0–1400 eV, and no other elements have been detected. 

Since the catalytic activity of double perovskite-type oxide is

ainly determined by the B 

′ B 

′ ′ site metals, the valence states of

e and Co play important roles in the reactivity of double per-

vskite AA’FeCoO 6 oxides. The chemical states of metals Fe and

o in the investigated samples are detailed by fitting the XPS

urves as shown in Fig. 5 . It can be seen that the XPS pat-

erns of Fe are a double-peaked spectrum with Fe 2 p 3/2 at low

inding energy and Fe 2 p 1/2 at high binding energy. The binding
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Fig. 2. SEM and carbon mapping of three samples: (a) LSFCO, (b) LSFCO-S, (c) LSFCO-A. 
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Fig. 3. XRD patterns of samples: (a) LSFCO, (b) Reduced LSFCO, (c) LSFCO-S, (d) LSFCO-A. ( � ) perovskite, ( ∗) impurity phase, ( � ) La 2 SrO x , (e) La 2 O 3 , (f) FeO, (g) Fe 2 O 3 , (h) 

SrO, (j) CoO, (k) Fe 0 , (l) Co 0 . 
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Fig. 4. XPS survey spectrum of three samples. 
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nergy of photoelectron XPS peak of Fe depends mainly on the

hemical state of the atoms and molecular environment. The peak

ositions of Fe 2 p 3/2 for samples L SFCO, L SFCO-S and L SFCO-A are
In
te

ns
ity

 (a
.u

.)

Fig. 5. XPS spectra of Fe 2
09.48 eV, 709.48 eV and 709.28 eV, respectively. While the peak

ositions of Fe 2 p 1/2 for three samples are 723.08 eV, 723.48 eV

nd 723.48 eV. They are located between the standard values of

e 2 + and Fe 3 + [27] , corresponding to the theory that the asymme-

ry feature of Fe 2 p indicating the existence of multiple compo-

ent of Fe [28] . Moreover, the satellite features presented at the

igh binding energy sides are also characteristics of Fe 2 + , Fe 3 + 

ven Fe 4 + in an oxide environment. Then the peak fitting method

s used to separate the different chemical states of Fe by dividing

he integrated areas of peaks. But it is difficult to distinguish the

e 4 + from Fe 3 + and Fe 2 + just using the XPS technology. Therefore,

he peak located at higher binding energy corresponds to Fe 3 + and

e 4 + while the lower energy peak attributes to the Fe 2 + , because

he electron density of Fe 3 + / Fe 4 + is smaller than that of Fe 2 + . Re-

ults show that the Fe 2 + /(Fe 2 + + Fe 3 + + Fe 4 + ) ratios of three samples

o not appear to be much different from each other, which means

hat the oxidizing agents steam and air have the same effect on

he oxidation of Fe ion in double perovskite-type oxide. 

Similarly, the Co 2 p spectra also exhibit two major peaks

ith two satellite peaks. The two major components namely Co

 p 3/2 and Co 2 p 1/2 are located at 779.20 eV and 794.22 eV for
 p and Co 2 p peaks. 
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Fig. 6. O 1 s XPS patterns of three samples. 
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sample LSFCO, 779.92 eV and 794.89 eV for sample LSFCO-S,

779.36 eV and 794.56 eV for sample LSFCO-A, respectively. The val-

ues of spin orbit splitting energy of Co 2 p 3/2 and Co 2 p 1/2 are

∼15 eV. The two satellite peaks presented at the high binding en-

ergy sides also confirm the existence of mixed oxides with Co 2 + 

and Co 3 + . It should be noted that the XPS peaks of Co 2 p 3/2 and

Co 2 p 1/2 for the sample LSFCO-S is broader than the other two

samples, indicating to the existence of additional oxidation state

of Co. In the fresh LSFCO, Co 3 + is the main valence state of Co

ion with 23.1% of Co 2 + . While the Co 2 + /Co 3 + ratio increase obvi-

ously to 73/27 for the sample LSFCO-S. This result corresponds to

the XRD results for the emergence of CoO oxide, whereas Co 2 + is

present. While for the sample LSFCO-A, the Co 2 + /Co 3 + ratio goes

back to 21/79 and recovers to the original chemical composition

almost. 

The chemical state O in the investigated samples is given by

fitting the XPS curves as shown in Fig. 6 , and the relative pro-

portion was calculated on basis of the XPS data ( Table 1 ). The

presence of an asymmetry and broadening in the O 1 s spec-

tra is related to the formation of different types of oxygen sites.
hree kinds of oxygen species exist in the double perovskite-

ype oxides, which is lattice oxygen with binding energy < 530.0 eV

denoted as OI), chemisorbed oxygen with binding energy be-

ween 530.0–532.0 eV (denoted as OII) and physical adsorbed

xygen with binding energy > 532.0 eV (denoted as OIII), respec-

ively [29] . The lattice oxygen is conducive to the partial oxida-

ion of CH 4 to produce H 2 and CO. The adsorbed oxygen that

elated to the defect oxides, or surface molecular oxygen with

ow coordination, is beneficial to the complete oxidation of CH 4 

o generate CO 2 and H 2 O. According to Tholkappiyan [28] , the

 1s spectra that is composed of more than one component

eak may be attributed to the oxygen atoms which are bounded

o metal ions either covalently (Fe –O 

–Fe/Co –O 

–Co/Fe –O 

–Co) or

onically (Fe = O/Co = O). Different oxygen species could be trans-

ormed one to another according to the following pathway:

 2(g) ↔ O 2 
–

(ads) ↔ O 2 
2–

(ads) ↔ 2O 

–
(ads) ↔ 2O 

2–
(ads) ↔ 2O 

2–
(lat) [29] . The

atio of the integrated areas of the lower and higher binding peaks,

I/(OI + OII + OIII), is 0.69, 0.74 and 0.68 for the samples LSFCO,

 SFCO-S and L SFCO-A. The lattice oxygen in the sample LSFCO-

 is the highest compared to the other two samples. That means

team is a good oxidizing agent for the recovery of lattice oxygen

ut a weak oxidant for the adsorbed oxygen recover in the double

erovskite-type oxide. The reduced sample oxidized by individual

team exhibits higher lattice oxygen is beneficial for the CH 4 par-

ial oxidation to get the target product of syngas. The total oxygen

 1 s in the LSFCO oxide is 71.25%, compared to 70.1% of total oxy-

en O 1 s in LSFCO-A, indicating the almost completely recover of

he lattice oxygen and adsorbed oxygen after CH 4 –H 2 O-air cycle. 

.4. H 2 -TPR analysis 

H 2 -TPR was performed aiming to study the reducibility of three

amples as shown in Fig. 7 . The TPR patterns mainly reflect the

eductive property of the B-site metals of Fe and Co, because La

nd Sr ions in A-site do not take part in the H 2 -reduction reac-

ion but just affect the oxygen vacancy and valence states of B-site

lement. For the fresh LSFCO oxide, two obvious reduction peaks

re observed at 419 °C and 540 °C, corresponding to the reduction

f Co 3 + → Co 2 + → Co 0 and Fe 3 + → Fe 2 + → Fe 0 . While for the reacted

ample LSFCO-A, the boundary of two reduction peaks is not obvi-

us and the peaking temperature shifts to the lower temperature

t 466 °C. That means the reduction of Co 3 + and Fe 3 + are simul-

aneously with better reducibility. And it can be more easily re-

uced compared to the fresh one. This result is corresponded to
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Table 1. Data obtained from O 1 s XPS for the samples. 

Samples OI OII OIII OI/(OI + OII + OIII) 

B.E (eV) Peak area (%) B.E (eV) Peak area (%) B.E (eV) Peak area (%) 

LSFCO 528.1 48.64 530.3 47.15 533.1 4.21 0.69 

LSFCO-S 528.3 55.31 530.1 40.74 533.3 3.95 0.74 

LSFCO-A 528.2 51.66 530.2 44.23 533.2 4.11 0.68 
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Fig. 8. Catalytic performance as a function of time during methane oxidation reactions. 
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Fig. 9. Gaseous products in steam oxidation step. 

v  

i  

s  

t  

H  

p  

t  

H

 

f  

e  

s  

c  

r  
he XRD message that the reacted sample obtains an optimiza-

ion of crystallinity after a reduction and oxidation cycle, exhibit-

ng better integration. Some differences are presented for the TPR

attern of sample LSFCO-S, which shows a reduction peak at 514 °C
nd a peak shoulder after 600 °C. As stated above, the CoO ox-

de emerges in the sample LSFCO-S and an increase of Co 2 + is

etected by XPS. It is well known that activity of divalent metal

ons is lower than that of trivalent metal ions. Therefore the sam-

le LSFCO-S gets more difficult to be reduced due to the emer-

ence of divalent metal Co 2 + . Moreover, the two reduction peaks

re generally associated with the different kinds of oxygen species

s mentioned from XPS results. The first reduction peak is primar-

ly attributed to the reduction of non-stoichiometric oxygen and

he second reduction peak is associated with the reduction of lat-

ice oxygen. The presence of the second reduction peak and its on-

et temperature can be adopted as a qualitative description of cat-

lyst reducibility and oxygen mobility within the oxide [30] . Note

hat the first reduction peak does not appear in the TPR pattern of

ample LSFCO-S, indicating the decrease of adsorbed oxygen and

he high content of lattice oxygen in it, which is in agreement with

he XPS results of O 1 s spectra. The adsorbed oxygen detected by

PS may be generated by the transformation of O 

2–
(ads) ↔ O 

2–
(lat) 

nd the adsorption of oxygen when exposed to air after reduction.

.5. Reactivity tests 

The redox performances of LSFCO for the production of syngas

nd hydrogen are shown in Fig. 8 . In the reduction stage, the con-

entrations of H 2 and CO increase rapidly in the earlier stage and

o to steady at ∼6 min, as shown in Fig. 8 (a). Then as the reac-

ion proceeds, the H 2 fraction increases unremittingly but the CO

raction decreases, which are mainly due to the methane decom-

osition (CH 4 → C + 2H 2 ). The consumption of CH 4 is relatively sta-

le during the whole reaction at ∼75%. Besides, the reaction ini-

ially proceeds to high concentrations of CO 2 and decreases sharply

o zero after 6th min. That means the adsorbed oxygen which is

eneficial for the totally oxidation of CH to CO and H O takes a
4 2 2 
ery fast reaction with a higher reactivity. The lattice oxygen that

s prone to CH 4 partial oxidation plays a leading role as the ad-

orbed oxygen depleted. The most important evaluation indexes in

he CL-SMR process are the CH 4 conversion and the molar ratio of

 2 to CO. It can be seen from Fig. 8 (b), the CH 4 conversion of sam-

le LSFCO reaches at ∼80% with the H 2 /CO molar ratio at ∼2.0 at

he initial stage of reaction before 14th min. After 14th min, the

 2 /CO molar ratios increase continuously. 

In the steam oxidation stage, the oxygen vacancies which are

ormed due to the remove of [O] in the oxides can be recov-

red by steam and simultaneously to produce hydrogen. Fig. 9

hows the gaseous products during the steam oxidation step. It

an be seen that the hydrogen fraction increases rapidly as the

eaction begin and gets the maximum value 38% at ∼6 min after
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Fig. 10. Comparison of different oxidation routes for LSFCO. (a) CH 4 –H 2 O cycles, (b) CH 4 –H 2 O –air cycles. 
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the reaction start. As the reaction proceeds, the H 2 fractions de-

crease sharply and close to zero after 20th min. Moreover, a small

quantity of CO and CO 2 are observed in the gaseous products,

which are aroused by the carbon gasification. 

3.6. Successive redox cycle 

The alternating methane reducing and steam/air oxidizing re-

actions were performed on LSFCO to examine its performance for

the successive production of syngas and hydrogen. Two different

oxidation routes are exploited to discuss the oxygen recovery pro-

cess during the oxidation step. For the CH 4 –H 2 O cycles, the re-

action time for the methane conversion is controlled for 14 min

to avoid excessive carbon deposition, and the water splitting step

was fixed at 20 min. Then for the CH 4 –H 2 O-air cycles, additional

10 min air was introduced. The catalytic performances of two dif-

ferent oxidation routes are shown in Fig. 10 . It can be seen that

the reactivities of LSFCO in two kinds of cycles kept relatively sta-

ble during ten cycles, with good regenerability. For the CH 4 –H 2 O

cycles, syngas with H 2 /CO molar ratio close to 2/1 is obtained in

the ten cycles with 85% of CH 4 conversion, 94% of CO selectiv-

ity, and 47% of H 2 selectivity during the methane reduction step.

Then in the steam oxidation step, the average hydrogen volume for

20 min of steam splitting is ∼296 mL, with a high hydrogen con-

centration at ∼96%. By contrast for the CH 4 –H 2 O 

–air cycle, syngas

with H 2 /CO molar ratio close to 2/1 is also obtained in the ten

cycles. But the CH 4 conversion slightly decreases to 78%, CO se-

lectivity and H 2 selectivity decrease to 44% and 87%, respectively.

According to the analysis above, the Co ion cannot incorporate into

the double perovskite structure via the individual steam oxidation,
hich is demonstrated by XRD and XPS tests. The formation of

oO oxide exhibits an obvious effect on the composition of oxy-

en species in the double perovskite-type oxide. The reduced sam-

le just oxidized by steam has higher lattice oxygen which is ad-

antageous to the CH 4 partial oxidation. Besides, the oxygen con-

ent in CoO is 21.35%, which is higher than that in LSFCO, causing

he CH 4 conversion increase. Moreover, the hydrogen generation

apacity is ∼235 mL, also is lower than that in the CH 4 –H 2 O cy-

les. As a more active metal, CoO loading on LSFCO also shows a

trong reactivity for steam splitting to generate hydrogen. These re-

ults indicate that the steam oxidation can effectively recover the

tructure and reactivity of double perovskite-type oxide. The re-

uction of adsorbed oxygen in it is beneficial to the partial oxida-

ion of methane to generate syngas. Furthermore, small quantities

f CO 2 are also detected during the CH 4 –H 2 O cycles, with ∼15%

f CO 2 selectivity. The exists of CO 2 here may not be totally at-

ribute to the oxidation of CH 4 by adsorbed oxygen, but also be-

ause of the oxidation by lattice oxygen [O] Fe ∗ /[O] Co ∗ with [CO] ads :

O] Fe ∗ /[O] Co ∗+ [CO] ads → CO 2(g) . 

. Conclusions 

The fresh sample LSFCO exhibits a monocrystalline perovskite

tructure with cubic symmetry and high crystallinity, except for a

ittle impurity phase due to the antisite defect of Fe/Co disorder.

fter exposure to CH 4 atmosphere, characteristic peaks of Fe 2 O 3 ,

eO, CoO, Co 0 and Fe 0 are presented, indicating the reduction of

e 3 + to Fe 2 + /Fe 0 and the reduction of Co 3 + to Co 2 + /Co 0 . After

he oxidation with steam, the Co ion cannot incorporate into the

ouble perovskite structure and thus form CoO oxide. When the
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ample oxidized by steam was further oxidized by air, the char-

cteristic peaks of CoO disappeared, and the structure of double

erovskite-type and chemical composition recovered to the origi-

al state. By comparison of the two different oxidation routes for

he reduced samples, the sample after CH 4 –H 2 O cycles without air

xidation exhibits higher CH 4 conversion, CO and H 2 selectivity

nd stronger hydrogen generation capacity, attributed to the for-

ation of the more active oxide CoO, the higher lattice oxygen on

SFCO-S and the minor agglomeration caused by steam oxidation. 
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