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Double-perovskite type oxide LaSrFeCoOg(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,-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 (Fe3* and Fe?*) and (Co?* and Co3*), while O 1s 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 CH4 conversion, CO and H, 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.

1. Introduction

As a subclass of perovskite-type oxides ABO3, the double
perovskite-type oxide AA’BB’Og have attracted more and more at-
tentions as magnetic materials [1], superconducting materials [2],
and catalytic materials [3-5], due to its unique structure and mul-
tiple properties. In the double perovskite-type A’A”’B'B"/Og struc-
ture, B'—0g and B''—0g octahedras are arranged alternately by the
way of corner-sharing with A cations occupy the voids between
the octahedral [6]. The sequence of B'—0—B’’ chain is formed by B’

Abbreviations: LSFCO, LaSrFeCoOg; CL-SMR, chemical looping steam methane re-
forming; XRD, X-ray diffraction; XPS, X-ray photoelectron spectroscopy; H,-TPR, hy-
drogen temperature-programmed reduction; SEM, scanning electron microscopy;
LSFCO-S, reacted sample after CH4-H,O cycle; LSFCO-A, reacted sample after
CH4-H,0-air cycle.
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and B” cations in an ideal double perovskite-type structure. While
an order-reduced or disordered state is associated with a random
distribution of B’—~0—B’, B'~0—B"" or B”—0-B’’ chains [7]. It is
generally believed that the catalytic activity of double perovskite-
type oxide is mainly decided by the B-site cations, while the A-
site cations play a role in the controlling of valence state of B-
site metals and stabilizing the structure, simultaneously causing
the lattice defects [8]. Therefore the most interesting phenomenon
in double perovskite-type oxide is the interaction and synergistic
effects between the B’ and B’/ cations. The catalytic activities of
double perovskite-type oxides can be effectively improved through
the synergy and coordination of the metals in the special struc-
ture and the different configurations and exchange interactions be-
tween A’/A’" and B’/B’’ metals provide an extensive modeling space
for researchers.

At present, chemical looping steam methane reforming (CL-
SMR, as shown in Fig. 1) technology is mainly concentrated on the
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Fig. 1. CL-SMR for syngas and hydrogen production.

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 (MyOy+CHy —
M;0,_s1_s2+(2H+C0)), and the reduced oxygen carrier is oxi-
dized by steam to recover oxygen and simultaneously to produce
hydrogen in the steam reactor (MxO,._s;_5+H0— MxO,_51+Ha).
Usually, an air oxidation stage is needed if the oxygen car-
rier cannot completely recovery oxygen by steam oxidation
(MyxOy_51+07 — MxOy) [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""—0—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 CH4 to
produce CO, and H,0. 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 CaMnq_xBxO5_s as oxygen carriers for chemi-
cal looping with oxygen uncoupling. After the reduction step, air

is used to regenerate the oxygen carrier while producing heat for
power generation. Neal [20] reported that the perovskite support
such as Lag gSrg,FeO5 (LSF) can enhances the activity of iron oxide
for methane conversion by nearly two orders of magnitude. After
the partial oxidation of methane using the lattice oxygen in the
MeO,@LSF, the lattice oxygen depleted from the redox catalyst is
subsequently regenerated with air in the catalyst regenerator. Ac-
cording to Zhu who used Ce—Fe oxides as oxygen carrier [21], the
lattice oxygen of Ce—Fe oxides can be recovered by steam oxida-
tion to the original states; while the high-activity adsorbed oxygen
and parts of metal ions are unable to be recovered. The elimination
of adsorbed oxygen has a positive effect in the CL-SMR for the gen-
eration of target product of syngas. Their results showed that the
decrease of CH4 conversion and increase of CO and H, selectiv-
ity were just because of the removal of adsorbed oxygen. And the
hydrogen generation capacity in the steam oxidation stage had no
obvious decline. But the degree of the recovery of lattice oxygen is
not discussed.

In the present work, double perovskite-type metal oxide
LaSrFeCoOg(LSFCO) made by micro-emulsion method was used
as oxygen carrier for the CL-SMR process. The reactivities of
LaSrFeCoOg were investigated in a fixed-bed reactor and the dif-
ferent oxidation routes of steam-oxidation and steam-air stepwise-
oxidation were performed to discuss the lattice oxygen recover
process. The fresh and reacted oxides were characterized by means
of X-ray diffraction (XRD), scanning electron microscopy (SEM), H,
temperature-programmed reduction (H,-TPR) techniques, and X-
ray photoelectron spectroscopy (XPS), attempting to correlate the
activity, structure and surface properties.

2. Experimental
2.1. Synthesis of the double perovskite-type oxide LaSrFeCoOg

Micro-emulsion method was used to prepare the dou-
ble perovskite-type oxide LSFCO. The required amounts of
La(N03 )3-6H20, N,OgSr, CoN,04-6H,0 and Fe(NO3 )3-9H20 were
weighed at a desired stoichiometric ratio and dissolved in deion-
ized water. Then the surfactant Tritonx-100, cosurfactant n-butyl
alcohol and oil phase cyclohexane were added to make a mixture
of solution A. Meanwhile, the same ratio of surfactant Tritonx-100,
cosurfactant n-butyl alcohol and oil phase cyclohexane were added
into (NH4);CO3-NH4OH to make a mixture of solution B. After
that, the solution B was slowly dripped into solution A to form sed-
iment under a water bath at 50°C. The sediment was allowed to
settle for 2 h and filtered by the suction funnel. Then two times of
ethanol and deionized water were used to wash the sediment. Af-
ter that, the sediment was dried overnight in a convection oven
at 110 °C. Finally, the as-prepared precursor was thermally decom-
posed at 500 °C for 2 h and calcined at 1000 °C for 6 h. The result-
ing product was grounded to obtain the fresh double perovskite-
type oxides of LSFCO.

2.2. Characterization

The surface morphology and characteristics of the samples were
performed by scanning electron microscopy with energy disper-
sive X-ray (SEM/EDX) on a Hitachi S4800 instruments. The crys-
tal phases of the oxides were identified by XRD in a Japan Science
D/max-R diffractometer with Cu Ko radiation (A = 0.15406 nm), op-
erating voltage of 40kV and current of 40 mA, and the diffraction
angle (20) was scanned from 10° to 80°. The hydrogen-temperature
programmed reduction (H,-TPR) experiments were conducted in
5.0 vol% H, balanced with helium at a flow rate of 60 mL/min from
room temperature to 800 °C with a heating rate of 10 °C/min. X-
ray photoelectron spectroscopy (XPS) was used to probe the near-
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surface composition of the oxides. The equipment was Thermo
Fisher Scientific Inc with an Al Ko X-ray source at an operating
voltage of 20kV and a current of 10 mA, under the conditions of
20eV and 100 eV pass energy for the survey spectra and the single
element spectra.

2.3. Reactivity tests

CL-SMR reactivity evaluation was carried out in a fixed-bed
quartz reactor under atmospheric pressure which was reported in
our previous work [22]. Methane oxidation activities of the oxides
(2 g in each test) were evaluated in a fixed-bed quartz reactor un-
der atmospheric pressure at 850 °C. The flow rate of the feed gas
was set at 50 mL/min in which methane was 40.0 vol% and ni-
trogen gas use as balance gas. The product gases out of the re-
actor were collected with gas bags and analyzed by a gas chro-
matograph (Shimadzu GC-2010plus). When the methane conver-
sion step finished, pure N, (50 mL/min) was fed to the reactor for
30 min to avoid mixing of gases arising during the two steps. Then
the steam generated by injecting demineralized water in an elec-
tric furnace at 400 °C using a micro pump was introduced into the
reactor for 20 min with N, as carrier gas (50 mL/min). The flow
rate of the water was controlled at 0.2 mL/min. After CH4 reduc-
tion and steam oxidation, the reacted sample after CH4-H,0 cy-
cle was named LSFCO-S. Another sample, dry air (50 mL/min) was
introduced into the reactor for 10 min after the steam oxidation
step, and the reacted sample after CH4-H,0-air cycle was named
LSFCO-A.

The CH4 conversion, CO selectivity and H, selectivity were cal-
culated as follows:

Moles of methane consumed

Moles of methane introduced 100%

(1)

Methane conversion (%)=

Moles of CO produced
Moles of methane consumed

CO selectivity (%) = x 100% (2)

Moles of H, produced
Moles of methane consumed x 2

x 100%.
(3)

For the successive CL-SMR cycles, the methane conversion step and
steam oxidation step (air oxidation step) were circularly introduced
as above.

H, selectivity (%) =

3. Results and discussions
3.1. SEM-EDS analysis

The morphological features of fresh and reacted oxygen carri-
ers are characterized by SEM as shown in Fig. 2. Besides, the el-
emental mappings exhibiting the distribution of C in the reacted
oxygen carrier particles are analyzed by the SEM-EDX. It can be
observed that the three samples are dispersed with mass of holes,
which is beneficial for the delivery of oxygen species. The surface
of the fresh LSFCO is smooth with distinct connection boundaries.
Different sizes of holes are distributed in the grain boundaries
with different particle sizes. While after the CH4 reduction and
steam/air oxidation, the surface morphology of samples LSFCO-S
and LSFCO-A have no obvious change. But the particle surfaces be-
come slightly rough due to the accumulative effects during the al-
tering reduction and oxidation leading to the crack and interstice
of particles. The carbon depositions in the reacted oxygen carriers
are illustrated by the SEM-EDX element mapping. It can be seen
that the carbon generated from the methane decomposition are
distributed uniformly on the reacted oxygen carriers at the micron

level. The carbon deposits cannot be completely eliminated by the
carbon gasification with steam or carbon oxidation reactions with
air. Compared to the sample LSFCO-A, the carbon deposition in the
sample LSFCO-S does not appear to be much different. That means
the steam plays the same role for the carbon gasification/oxidation
as air.

3.2. XRD analysis

The fresh, reduced, and regenerated double perovskite LSFCO
were examined by XRD to identify the crystalline phases as shown
in Fig. 3. It can be seen from Fig. 3(a) that the XRD pattern of fresh
LSFCO is in good agreement with JCPDS (Joint Committee on Pow-
der Diffraction Standards) card 01-075-0541, confirming the forma-
tion of the desired perovskite phase with cubic crystal system. Be-
sides, the characteristic peaks of impurity phases at 20 =36° and
63° are also observed, representing a mixed metals solid solutions.
Generally, the ideal structure of LSFCO may be regarded as a regu-
lar arrangement of corner-sharing FeOg and CoOg octahedra, alter-
nating along three directions of the crystal, with La and Srcations
occupying the voids between the octahedral [23,24]. But antisite
defects always exist in reality, causing a certain degree of Fe/Co
disorder, and consequently leading to the generation of impurity
phase. The existence of antisite disorder is inevitable in the double
perovskite structure and plays a vital role in their physical proper-
ties [25]. Fig. 3(b) shows the XRD pattern of the reduced sample. It
can be seen that after exposure to the reducing atmosphere of CHy,
the main structures of double perovskite are obviously changed.
The characteristic peaks of La,0s, SrO, Fe,03, FeO, CoO, Co® and
Fe® are observed, which are corresponded to the reduction of Fe3+
to Fe2t/Fe® and Co3* to Co?t/Co®. While the La3* and Sr2* main-
tain their valence states and present as the form of La,03 and SrO.
Besides, a mixed oxide La,SrOy is also observed, supporting the as-
sumption that A-site cations are non-catalytic. Then after the oxi-
dation reactions with steam or steam plus air, two samples LSFCO-
S and LSFCO-A recover the double perovskite structures with good
regenerability, as shown in Fig. 3(c) and (d). For the sample LSFCO-
S after CH4-H,O cycle, the characteristic peaks at 260 =36° and 42°
are emerged, representing the oxide of CoO. It is well know that,
cobalt is an element with unstable valence states compared to Fe.
It can be easily oxidized or reduced into different valence states
such as Co%, Co?t or Co3t [26]. Therefore, the Co ion cannot incor-
porate into the double perovskite structure just by the oxidation
with weak oxidizing agent steam, and thus form CoO. When the
oxygen carrier is further oxidized by air, the characteristic peaks
of CoO disappear, and the structure of double perovskite-type re-
covers to the original state, as shown in Fig. 3(d). Besides, the in-
tensity of the main characteristic peaks for samples LSFCO-S and
LSFCO-A all increase compared to the fresh LSFCO, indicating the
optimization of crystallinity.

3.3. XPS analysis

The chemical state of the elements and surface composition of
the fresh and reacted LSFCO samples were investigated by XPS
measurement as shown in Fig. 4. The intensive lines of La 3d, Sr
3d, Fe 2p, Co 2p, O 1s and C 1s are observed within the binding
energy of 0-1400 eV, and no other elements have been detected.

Since the catalytic activity of double perovskite-type oxide is
mainly determined by the B’B’ site metals, the valence states of
Fe and Co play important roles in the reactivity of double per-
ovskite AA’FeCoOg oxides. The chemical states of metals Fe and
Co in the investigated samples are detailed by fitting the XPS
curves as shown in Fig. 5. It can be seen that the XPS pat-
terns of Fe are a double-peaked spectrum with Fe 2p;, at low
binding energy and Fe 2p;j, at high binding energy. The binding
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Fig. 3. XRD patterns of samples: (a) LSFCO, (b) Reduced LSFCO, (c) LSFCO-S, (d) LSFCO-A. (x) perovskite, (*) impurity phase, (s¢) La,;SrOy, (e) La,03, (f) FeO, (g) Fe,0s, (h)
Sr0, (j) CoO, (k) Fe?, (1) Ca°.
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Fig. 4. XPS survey spectrum of three samples.

energy of photoelectron XPS peak of Fe depends mainly on the
chemical state of the atoms and molecular environment. The peak
positions of Fe 2p3, for samples LSFCO, LSFCO-S and LSFCO-A are
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709.48 eV, 709.48 eV and 709.28 eV, respectively. While the peak
positions of Fe 2p;j, for three samples are 723.08 eV, 723.48 eV
and 723.48eV. They are located between the standard values of
Fe?* and Fe3* [27], corresponding to the theory that the asymme-
try feature of Fe 2p indicating the existence of multiple compo-
nent of Fe [28]. Moreover, the satellite features presented at the
high binding energy sides are also characteristics of Fe2*, Fe3+
even Fe*t in an oxide environment. Then the peak fitting method
is used to separate the different chemical states of Fe by dividing
the integrated areas of peaks. But it is difficult to distinguish the
Fe** from Fe3* and Fe?" just using the XPS technology. Therefore,
the peak located at higher binding energy corresponds to Fe3+ and
Fe*t while the lower energy peak attributes to the Fe2*, because
the electron density of Fe3+/ Fe*t is smaller than that of FeZ+. Re-
sults show that the Fe2*/(Fe2++Fe3+4Fe4t) ratios of three samples
do not appear to be much different from each other, which means
that the oxidizing agents steam and air have the same effect on
the oxidation of Fe ion in double perovskite-type oxide.

Similarly, the Co 2p spectra also exhibit two major peaks
with two satellite peaks. The two major components namely Co
2p3;, and Co 2pq, are located at 779.20eV and 794.22eV for

Co2p,, LSFCO
C02+ 3+
Co2p "
Satellite
Satellite
LSFCO-S

Intensity (a.u.)

T T T
780 790 800 810

Binding energy (eV)

Fig. 5. XPS spectra of Fe 2p and Co 2p peaks.
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Fig. 6. O 1s XPS patterns of three samples.

sample LSFCO, 779.92eV and 794.89eV 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 2p3;, and Co 2pq, are
~15eV. The two satellite peaks presented at the high binding en-
ergy sides also confirm the existence of mixed oxides with Co+
and Co3*. It should be noted that the XPS peaks of Co 2p;, and
Co 2py, 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, Co3* is the main valence state of Co
ion with 23.1% of Co%*. While the Co2t/Co3* 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%* is
present. While for the sample LSFCO-A, the Co?t/Co3* 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 1s spec-
tra is related to the formation of different types of oxygen sites.

—— LSFCO
—— LSFCO-S
—— LSFCO-A
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Fig. 7. TPR profiles of three samples.

Three kinds of oxygen species exist in the double perovskite-
type oxides, which is lattice oxygen with binding energy < 530.0 eV
(denoted as OI), chemisorbed oxygen with binding energy be-
tween 530.0-532.0eV (denoted as OII) and physical adsorbed
oxygen with binding energy > 532.0eV (denoted as OIIl), respec-
tively [29]. The lattice oxygen is conducive to the partial oxida-
tion of CH, to produce H, and CO. The adsorbed oxygen that
related to the defect oxides, or surface molecular oxygen with
low coordination, is beneficial to the complete oxidation of CHy
to generate CO, and H,0. According to Tholkappiyan [28], the
O 1s spectra that is composed of more than one component
peak may be attributed to the oxygen atoms which are bounded
to metal ions either covalently (Fe-O-Fe/Co-O-Co/Fe-O-Co) or
ionically (Fe=0/Co=0). Different oxygen species could be trans-
formed one to another according to the following pathway:
O2(g) <027 (ads) > 02 (ads) 20™ (ads) »20% (a5) »20% 10y [29]. The
ratio of the integrated areas of the lower and higher binding peaks,
OI/(OI+-0I1+0I1I), is 0.69, 0.74 and 0.68 for the samples LSFCO,
LSFCO-S and LSFCO-A. The lattice oxygen in the sample LSFCO-
S is the highest compared to the other two samples. That means
steam is a good oxidizing agent for the recovery of lattice oxygen
but a weak oxidant for the adsorbed oxygen recover in the double
perovskite-type oxide. The reduced sample oxidized by individual
steam exhibits higher lattice oxygen is beneficial for the CH4 par-
tial oxidation to get the target product of syngas. The total oxygen
0 1s in the LSFCO oxide is 71.25%, compared to 70.1% of total oxy-
gen O 1s in LSFCO-A, indicating the almost completely recover of
the lattice oxygen and adsorbed oxygen after CH4—H,0-air cycle.

3.4. H,-TPR analysis

H,-TPR was performed aiming to study the reducibility of three
samples as shown in Fig. 7. The TPR patterns mainly reflect the
reductive property of the B-site metals of Fe and Co, because La
and Sr ions in A-site do not take part in the H,-reduction reac-
tion but just affect the oxygen vacancy and valence states of B-site
element. For the fresh LSFCO oxide, two obvious reduction peaks
are observed at 419 °C and 540 °C, corresponding to the reduction
of Co3t—Co%t—Co® and Fe3*—Fe2t—Fel. While for the reacted
sample LSFCO-A, the boundary of two reduction peaks is not obvi-
ous and the peaking temperature shifts to the lower temperature
at 466 °C. That means the reduction of Co3* and Fe3* are simul-
taneously with better reducibility. And it can be more easily re-
duced compared to the fresh one. This result is corresponded to
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Table 1. Data obtained from O 1s XPS for the samples.
Samples Ol ol oIl O1/(OI-+OI1+0III)
B.E (eV) Peak area (%) B.E (eV) Peak area (%) B.E (eV) Peak area (%)
LSFCO 528.1 48.64 530.3 4715 533.1 421 0.69
LSFCO-S 528.3 55.31 530.1 40.74 533.3 3.95 0.74
LSFCO-A 5282 51.66 530.2 4423 5332 411 0.68
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the XRD message that the reacted sample obtains an optimiza- ol
tion of crystallinity after a reduction and oxidation cycle, exhibit- I "
ing better integration. Some differences are presented for the TPR 35 L ./
pattern of sample LSFCO-S, which shows a reduction peak at 514 °C L /
and a peak shoulder after 600°C. As stated above, the CoO ox- oL T —s—H,
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alyst reducibility and oxygen mobility within the oxide [30]. Note T
that the first reduction peak does not appear in the TPR pattern of 6 2 4 6 8 10 12 14 16 118 20 2
sample LSFCO-S, indicating the decrease of adsorbed oxygen and Time (min)

the high content of lattice oxygen in it, which is in agreement with
the XPS results of O 1s spectra. The adsorbed oxygen detected by
XPS may be generated by the transformation of 02~ (,45)<>0% (1)
and the adsorption of oxygen when exposed to air after reduction.

3.5. Reactivity tests

The redox performances of LSFCO for the production of syngas
and hydrogen are shown in Fig. 8. In the reduction stage, the con-
centrations of Hy and CO increase rapidly in the earlier stage and
go to steady at ~6 min, as shown in Fig. 8(a). Then as the reac-
tion proceeds, the H, fraction increases unremittingly but the CO
fraction decreases, which are mainly due to the methane decom-
position (CH4—C+2H;). The consumption of CHy4 is relatively sta-
ble during the whole reaction at ~75%. Besides, the reaction ini-
tially proceeds to high concentrations of CO, and decreases sharply
to zero after 6th min. That means the adsorbed oxygen which is
beneficial for the totally oxidation of CH4 to CO, and H,O takes a

Fig. 9. Gaseous products in steam oxidation step.

very fast reaction with a higher reactivity. The lattice oxygen that
is prone to CH4 partial oxidation plays a leading role as the ad-
sorbed oxygen depleted. The most important evaluation indexes in
the CL-SMR process are the CH4 conversion and the molar ratio of
H, to CO. It can be seen from Fig. 8(b), the CH4 conversion of sam-
ple LSFCO reaches at ~80% with the H,/CO molar ratio at ~2.0 at
the initial stage of reaction before 14th min. After 14th min, the
H,/CO molar ratios increase continuously.

In the steam oxidation stage, the oxygen vacancies which are
formed due to the remove of [O] in the oxides can be recov-
ered by steam and simultaneously to produce hydrogen. Fig. 9
shows the gaseous products during the steam oxidation step. It
can be seen that the hydrogen fraction increases rapidly as the
reaction 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) CH4—-H,O cycles, (b) CH4-H,0-air cycles.

the reaction start. As the reaction proceeds, the H, fractions de-
crease sharply and close to zero after 20th min. Moreover, a small
quantity of CO and CO, 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 CH4-H,0 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 CH4-H,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 CH4-H,0
cycles, syngas with H,/CO molar ratio close to 2/1 is obtained in
the ten cycles with 85% of CH4 conversion, 94% of CO selectiv-
ity, and 47% of H, 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 CH4-H,0-air cycle, syngas
with H,/CO molar ratio close to 2/1 is also obtained in the ten
cycles. But the CH4 conversion slightly decreases to 78%, CO se-
lectivity and H, 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,

which is demonstrated by XRD and XPS tests. The formation of
CoO oxide exhibits an obvious effect on the composition of oxy-
gen species in the double perovskite-type oxide. The reduced sam-
ple just oxidized by steam has higher lattice oxygen which is ad-
vantageous to the CH, partial oxidation. Besides, the oxygen con-
tent in CoO is 21.35%, which is higher than that in LSFCO, causing
the CH4 conversion increase. Moreover, the hydrogen generation
capacity is ~235mlL, also is lower than that in the CH4-H,0 cy-
cles. As a more active metal, CoO loading on LSFCO also shows a
strong reactivity for steam splitting to generate hydrogen. These re-
sults indicate that the steam oxidation can effectively recover the
structure and reactivity of double perovskite-type oxide. The re-
duction of adsorbed oxygen in it is beneficial to the partial oxida-
tion of methane to generate syngas. Furthermore, small quantities
of CO, are also detected during the CH4-H,O cycles, with ~15%
of CO, selectivity. The exists of CO, here may not be totally at-
tribute to the oxidation of CH4 by adsorbed oxygen, but also be-
cause of the oxidation by lattice oxygen [O]ge+/[O]cor With [CO],4s:
[O]Fe*/[O]Co*+[co]ads_>C02(g)-

4. Conclusions

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.
After exposure to CH4 atmosphere, characteristic peaks of Fe,03,
FeO, Co0, Co® and Fe® are presented, indicating the reduction of
Fe3t to Fe2*/Fe® and the reduction of Co3* to Co?t/Col. After
the oxidation with steam, the Co ion cannot incorporate into the
double perovskite structure and thus form CoO oxide. When the
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sample oxidized by steam was further oxidized by air, the char-
acteristic peaks of CoO disappeared, and the structure of double
perovskite-type and chemical composition recovered to the origi-
nal state. By comparison of the two different oxidation routes for
the reduced samples, the sample after CH4—-H,0 cycles without air
oxidation exhibits higher CH,4 conversion, CO and H, selectivity
and stronger hydrogen generation capacity, attributed to the for-
mation of the more active oxide CoO, the higher lattice oxygen on
LSFCO-S and the minor agglomeration caused by steam oxidation.
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