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A B S T R A C T

Chemical looping can provide attractive alternative process routes in which solid oxygen carriers function as
lattice oxygen transfer agents, for example for the partial oxidation of methane. We report on the development of
a perovskite-based oxygen carrier (La0.85Sr0.15Fe0.95Al0.05O3-δ) that enables the complete conversion of CH4 to a
synthesis gas (a mixture of H2 and CO, selectivity> 99 %) through donation of its lattice oxygen (up to 9 wt%) at
temperatures> 900 °C. The thermodynamic properties of the oxygen carrier permit its lattice oxygen to be
replenished with CO2 or H2O, of which>94 % is converted into CO or H2, respectively. The potential of this
compositionally and structurally flexible oxygen carrier is demonstrated in a continuous experiment lasting more
than 45 days (∼ 4050 redox cycles), in which all CH4 (reductant) and all CO2 (oxidant) is converted into a
synthesis gas without CO2 contamination.

1. Introduction

Metal oxides that function as oxygen reservoirs have shown to
possess high potential for process intensification and emission reduc-
tion in hydrocarbon conversion processes [1,2]. One such process is the
partial oxidation of CH4 (POx; CH4 + 0.5 O2 → CO+2 H2), which
requires gaseous O2 under the conventional scheme. The theoretical
ratio of H2/CO in the synthesis gas produced is two, which is suitable
for methanol or for Fischer-Tropsch processes to produce liquid hy-
drocarbons and synthetic fuels [3–6]. The POx reaction can be realized
with lattice oxygen derived from a metal oxide instead of gaseous O2

and thereby eliminate the energy consumptions associated with the
cryogenic production of O2 [7]. Redox-active lattice oxygen that has
been removed from the metal oxide is replenished in a second reaction
step using an oxidant such as air. The two-step reaction scheme is il-
lustrated in Reactions 1 and 2, where MeOx and MeOx-1 denote the
oxidized and reduced states of the metal oxide; note that the two do not
necessarily need to be structurally similar and can be composed of
multiple phases.

CH4 + MeOx → CO+2 H2 + MeOx-1 (1)

0.5 O2 + MeOx-1 → MeOx (2)

Adding Reactions 1 and 2 yields the conventional POx and the same
heat of reaction (−23 kJ mol−1 at 900 °C). Metal oxide-mediated redox
reactions have been termed chemical looping (CL), and the metal oxides
function as oxygen carriers. The majority of research in chemical

looping has dealt with the total oxidation of hydrocarbon feedstocks for
power generation with inherent CO2 capture [8–11]. Whether an
oxygen carrier is suitable for Reaction 1 or not depends solely on its
thermodynamic properties and the equivalent equilibrium partial
pressure of oxygen (pO2) under which it transitions between two oxi-
dation states [12]. The range of pO2 enabling the partial oxidation of
CH4 is orders of magnitude lower than that of the pO2 required to totally
oxidize CH4, which also implies that a re-oxidation of the reduced
oxygen carrier is thermodynamically feasible using oxidants with a
much lower oxidation potential than air in Reaction 2, e.g. CO2 or H2O
(Reactions 3 and 4).

CO2 + MeOx-1 → CO+MeOx (3)

H2O+MeOx-1 → 2 H2 + MeOx (4)

Thus, the combination of Reactions 1 and 3 or 4 has also been re-
ferred to as the CL dry reforming of CH4 or the CL steam reforming of
CH4, depending on the oxidant (or mixtures of oxidants) used and the
ratio of H2/CO produced over an entire redox cycle (dry reforming: CH4

+ CO2 → 2 CO+2 H2; steam reforming: CH4 + H2O → CO+3 H2).
Iron oxide-based oxygen carriers can partially oxidize CH4 effi-

ciently, provided their oxidation states (when performing Reactions 1
and 2/3/4 cyclically) are controlled precisely in the process such that
the total oxidation of CH4 (CH4 + 4 MeOx → CO2 + 2 H2O + 4 MeOx-

1) is avoided [13–15]. Structural modifications [16] or doping of the
iron oxide-based oxygen carrier with yttrium [17] or cobalt [18] were
found to improve the selectivity towards CO. Recently, perovskites or
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related oxygen-deficient structures have attracted significant attention,
as their compositional and structural flexibility allows tuning their
thermodynamic properties such that a high selectivity towards synth-
esis gas is obtained. Perovskites enjoy popularity in many different
areas owing to their high, mixed electronic and ionic conductivities,
e.g. as a component of solid oxide fuel cells [19–22], as oxygen
permeable membranes [23–25], as sensor material [26–28] or in cat-
alyst systems [29–32]. The wide range of applications of perovskites
means that CL-related research can build up on a wealth of detailed
characterizations of the chemical and physical properties of these ma-
terials. We refer here to recent review papers giving a comprehensive
overview of different compositions that have been investigated for the
CL partial oxidation of CH4 [33,34]; this work explores the LaFeO3

family that has shown to possess oxygen storage capacities of∼ 10wt%
and to yield CH4 conversions> 70 % at a CO selectivity> 90 % [35].
The actual formula of LaFeO3 is LaFeO3-δ, where δ refers to the oxygen
non-stoichiometry (or oxygen deficiency) that quantifies the amount of
oxygen atoms incorporated into the crystal lattice of the perovskite.

Computational studies have shown that the energy of oxygen va-
cancy formation for LaFeO3 perovskites is higher than that for LaCoO3

or LaMnO3 [36–41] and suggested that the lower oxygen mobility at
high oxygen vacancy formation energies favours the partial oxidation of
CH4 rather than the total oxidation of CH4 [42–44]. Early research on
LaFeO3 noted that the reducibility with CH4 is relatively slow [45]. The
oxygen mobility and the reactivity of LaFeO3 increase upon substituting
the A-site cation La3+ with Sr2+ [39,46–49]; to preserve charge neu-
trality, the oxidation state of the Fe in the B site increases accordingly
from Fe3+ to Fe4+ or even Fe5+ [35,50,51]. Interestingly, bulk phase
transitions of LaFeO3 and related structures are often ignored [52], such
that the significance of the computational simulations is limited to the
perovskite host structure and the removal of non-stoichiometric lattice
oxygen, i.e. that linked with a change of δ (Δδ = δ – δ0, where δ0 is the
value of the oxygen non-stoichiometry just before lattice oxygen is re-
moved). Since δ varies with temperature and pO2, the selectivity to-
wards the reaction products may change depending on the initial value
of δ0. Many studies have assumed that the non-stoichiometry δ is zero
in air at ambient temperature and pressure [53,54], which may be
misleading when correlating selectivity with the amount of lattice
oxygen removed. Perovskites tend to release non-stoichiometric lattice
oxygen as gaseous O2 when they are heated in an inert environment
(e.g. Ar or N2) while still maintaining structural stability until δ reaches
its maximum value of 0.5 [55,56]. Further extraction of lattice oxygen
requires a reducing gas, e.g. CH4, and induces a phase transition. Thus,
the amount of lattice oxygen removed that is proportional to Δδ can
give an estimate of the initial non-stoichiometry of the oxygen carrier.
It has been observed that in LaFeO3 Δδ increases with substitution of
the A-site cation La3+ with Sr2+ [57], which results in a higher amount
of total oxidation products in the reaction with CH4 owing to more
reactive lattice oxygen linked with the increasing oxidation state of the
Fe to maintain charge neutrality [39,58]. When perovskites are used for
the CL-POx at high temperature (> 800 °C), different regions of se-
lectivity have been observed: (i) The total oxidation of CH4 due to
“loose” lattice oxygen, (ii) the partial oxidation of CH4, and (iii) the CH4

decomposition resulting in the deposition of carbon on the surface of
the oxygen carrier once it has been depleted in redox-active lattice
oxygen [59–62]. Our previous work has shown that lattice oxygen that
is unselective for the partial oxidation of CH4 (and instead totally oxi-
dizes CH4) is associated with non-stoichiometric lattice oxygen within
the perovskite structure [63]; however, lower absolute values of δ do
not necessarily relate to a higher selectivity towards total oxidation
products.

From the findings above we note there exists several aspects that
have not been given much attention yet, in particular the role of bulk
phase transitions associated with a constant pO2. Lattice oxygen transfer
associated with such phase transitions can enable a higher and stable
selectivity towards partial oxidation products compared to when non-

stoichiometric lattice oxygen (where the pO2,eq varies with δ) is used.
Further, despite many studies emphasizing the potential of La-Fe-based
and related perovskites for the chemical looping partial oxidation of
CH4, an extended demonstration without purge steps has not been
performed yet. Here, we report on the rational development of an
oxygen carrier with a relatively small degree of substitution of La3+

with Sr2+ (i.e. 15 %) that ensures that a large fraction of the total
amount of redox-active lattice oxygen is selective for partial oxidation
products in the reaction with CH4. In the B site, 5 % of the Fe is sub-
stituted with Al to induce structural defects and to improve the re-
activity of the oxygen carrier without compromising the total oxygen
storage capacity appreciably [63]. The oxygen carrier with the nominal
composition La0.85Sr0.15Fe0.95Al0.05O3-δ is characterized in depth using
inter alia thermogravimetry, fluidized and packed bed reactors, tran-
sient pulse experiments, XPS and in-situ XRD to relate structural
changes to lattice oxygen transfer. We show that lattice oxygen can be
100 % selective towards the partial oxidation products provided bulk
phase transitions are involved. Importantly, we demonstrate in an ex-
periment over more than 45 days (equivalent to ∼ 4050 redox cycles)
that CH4 (reductant) and CO2 (oxidant) are completely converted into a
synthesis gas – the longest continuously running experiment in CL to
date. Lastly, we discuss potential process configurations for use of the
oxygen carrier beyond POx.

2. Experimental

2.1. Material synthesis

The oxygen carrier used in this work was based on a lanthanum iron
perovskite (LaFeO3-δ). Previous work suggested that the partially sub-
stitution of the A-site (La) with Sr and the B-site (Fe) with Al improves
oxygen transfer under POx conditions [63]. Thus, an oxygen carrier
with the nominal composition La0.85Sr0.15Fe0.95Al0.05O3-δ was produced
via granulation. Stoichiometric amounts of La2O3, SrO, Fe2O3 and
Al2O3 were mixed and ball-milled to obtain a fine powder composed of
particles< 1 μm; the mixture of metal oxides was provided by Euro
Support Advanced Materials B.V.

Granulated particles were produced by vigorously stirring the fine
powder with deionized water using pestle and mortar until aggregates
formed. The aggregates were separated from the powder by sieving and
eventually all powder was converted into particles within the sieve
range 355–710 μm. The particles were calcined at 1300 °C for 12 h in
air in a muffle furnace (heating rate of 5 °Cmin−1). In the different
experiments, three particle size fractions were used,< 50 μm,
180–212 μm and 355–500 μm.

2.2. Material characterization

The bulk density and porosity of the oxygen carrier were de-
termined by measuring the weight and the tapped volume occupied by
a given amount of particles in air.

The surface area and pore volume (based on the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) model, respectively)
were determined using a NOVA 4000e analyzer (Quantachrome
Instruments); samples were degassed under vacuum at 250 °C for 3 h
prior to the actual N2 adsorption and desorption measurements at
196 °C. No significant differences in surface area and pore volume were
observed when measuring samples of the size< 50 μm or 355–500 μm.

The crushing strength of individual oxygen carrier particles (sieved
to 355–425 μm) was obtained by measuring the force (normalized by
the projected cross-sectional area of a particle) required to break them
using a force gauge operated at 50 Hz (Shimpo, FGN-20); at least 50
measurements were performed to give meaningful results.

The actual elemental composition of the oxygen carrier was de-
termined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) using an Agilent 5100 VDV instrument.
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Raman spectroscopy using a Thermo Scientific DXR Raman micro-
scope (laser wavelength 455 nm) was employed to characterize carbon
deposits on the surface of the reduced oxygen carrier.

A PANalytical Empyrean X-ray powder diffractometer (Cu Kα ra-
diation, 45 kV and 40mA) equipped with a X’Celerator Scientific ul-
trafast line detector and Bragg-Brentano HD incident beam optics was
used to analyze the crystalline phases of the oxygen carrier. A mono-
chromator was installed on the diffracted beam side to suppress fluor-
escence originating from the iron in the oxygen carrier. Each mea-
surement lasted 3 h and was performed in the 2θ range of 20–80 ° with
a step size of 0.016°. Refinement of the XRD patterns using the Rietveld
method was performed using the software FullProf. An Anton Paar XRK
900 reactor chamber was used to study the evolution of crystalline
phases upon oxidation of a reduced oxygen carrier sample (∼ 20mg)
from 200 to 800 °C; note that it was not possible to investigate the re-
duction reaction in-situ since the reaction chamber itself was redox-
active [64].

X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted on a Sigma II instrument (Thermo Fisher Scientific), which was
equipped with an ultra-high vacuum chamber, a non-monochromatic
200W Al Kα source, a hemispherical analyzer, and a seven-channel
electron multiplier. Pass energies of 50 eV and 25 eV were set for the
survey and the narrow scans, respectively. Exposure of the samples to
ambient air was kept as short as possible (< 12 h) prior the measure-
ments. The C 1s peak of adventitious carbon was set at 284.8 eV to
compensate for any charge-induced shifts, recognizing that variations
in binding energy can still occur [65].

Scanning transmission electron microscopy (STEM) images of
ground oxygen carrier particles were obtained using a FEI Talos F200X
microscope operated at 200 kV. The microscope was equipped with a
high-brightness Schottky field-emission gun (FEG), a high-angle

annular dark field (HAADF) detector and a large collection-angle en-
ergy-dispersive X-ray spectroscopy (EDX) detector. For measurements,
samples were dispersed onto Cu grids and coated with lacey carbon.
Scanning electron microscopy (SEM) of oxygen carrier particles was
performed using a FEI Quanta 200 FEG microscope operated at 10 kV.
The particles were sputter-coated with a thin layer of gold prior to
imaging.

2.3. Reactivity characterization and performance evaluation in cyclic redox
experiments

The reactivity of the oxygen carrier in cyclic redox experiments was
investigated using (i) a thermogravimetric analyzer (TGA, Mettler
Toledo DSC 1/3), (ii) a fluidized bed reactor (FBR), and (iii) a packed
bed reactor (PBR). The gases used in these apparatuses were provided
by Carbagas from cylinders (grade 5.0). The gas flow rates were mea-
sured and controlled at normal temperature and pressure (NTP) using
mass flow controllers (Bronkhorst, EL-Flow). Blank experiments were
performed for all experiments to account for e.g. buoyancy effects when
switching gases (TGA), residual gas in manifolds (TGA/FBR/PBR), or
gas-phase reactions (TGA/FBR/PBR). Details on the experiments per-
formed in the TGA, FBR and PBR and the corresponding data analysis
are given in the Supporting Information (SI).

3. Results and discussion

The first part of the results section deals with the physical and
chemical characterization of the oxygen carrier when it transitions
between its reduced and oxidized states. In the second part, the cyclic
redox performance is assessed using a thermogravimetric analyzer
(TGA), a fluidized bed reactor (FBR) and a packed bed reactor (PBR).

Fig. 1. (a) XRD patterns of as-synthesized, cycled (oxidized in air or CO2) and reduced oxygen carrier. The red square indicates the position of a reflection due to an
impurity phase. (b) Normalized sample mass of the oxygen carrier, as measured in the TGA as a function of temperature and pO2. The inset illustrates the change of
pO2 at each temperature. (c) Normalized sample mass of the oxygen carrier, as measured in the TGA in TPR experiments (10 °Cmin−1) using 6.7 vol.% CH4 or H2 or
CO in N2. (d) Normalized sample mass of the oxygen carrier, as measured in the TGA in a TPR experiment (10 °Cmin−1) using 6.7 vol.% H2/N2. The temperature was
held at 1000 °C for 10 h. (e) HAADF image and corresponding EDX maps of the reduced oxygen carrier after the TPR shown in (d) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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The third part presents the results from a cyclic experiment in the PBR
lasting more than six weeks (equivalent to more than 4050 redox cy-
cles). In the last part, possible process configurations are discussed in
brief.

3.1. Part I – oxygen carrier characterization

3.1.1. Physical and chemical characterization
The oxygen carrier studied in this work had the nominal composi-

tion La0.85Sr0.15Fe0.95Al0.05O3-δ, which corresponded to a weight ratio
of the metal elements (La:Sr:Fe:Al) of 0.636:0.071:0.286:0.007. The
measured ratio (via ICP-OES, average of three samples) was
0.622(5):0.074(1):0.296(4):0.007(0) and was thus in good agreement
with the nominal weight ratio, whereas the Fe content was slightly
higher than intended. The as-synthesized oxygen carrier (i.e. after
calcination in air for 12 h) was not a phase-pure perovskite, but con-
tained an impurity phase (most likely SrCO3) that induced a reflection
at 27.8° in the diffractogram shown in Fig. 1a. Upon redox cycling (i.e.
reducing the oxygen carrier and re-oxidizing it), the impurity phase
disappeared and the oxygen carrier was phase-pure. The XRD pattern
was fitted (Fig. S1 in SI) with an orthorhombic structure with the unit
cell parameters a=5.5492(5) Å, b=7.8139(6) Å, and c=5.5323(6)
Å (space group Pnma). High-angle annular dark-field (HAADF) images
and the corresponding EDX maps of La, Sr, Fe, Al and O confirm a
homogeneous dispersion of all elements (Fig. S2 in SI). The dis-
appearance of the impurity phase coincides with an “activation” period
– an increase in reactivity – that has often been observed for oxygen
carriers [55,63,66,67]; in this work, no further increase in reactivity
was observed after typically the first 10–15 redox cycles at 900 °C. The
specific surface area decreased slightly upon activation (from 1.3 to 0.8
m2 g−1, Table 1), suggesting activation for this oxygen carrier was re-
lated to structural rather than morphological changes. If not stated
otherwise, only activated oxygen carrier was used in the experiments
(i.e. oxygen carrier that had undergone at least 20 redox cycles at
900 °C). The particles produced had a bulk density of ∼ 1760 kgm−3,
which was lower than that reported for La0.85Sr0.15FeO3-δ (∼
2430 kgm−3) in our previous study [63]. Assuming a void fraction of
45 % when measuring the bulk density, the particle density was ∼
3200 kgm−3. Taking the unit cell volume from the refined XRD pattern
(239.9 Å3), the true material density was estimated to be 6280 kg m-3,
and so the particle porosity was ∼ 49 %.

The oxygen non-stoichiometry δ takes values between 0 and 0.5 for
most perovskites [56]. La-Fe-based perovskites with a low degree of
substitution of La with Sr typically possess low values of δ with oxi-
dation states of the Fe slightly greater than 3+ [35,39]. The value of δ
depends on the combination of temperature and partial pressure of
oxygen (pO2); typically, δ increases with increasing temperature for a
given pO2 [68]. Note that reliable, direct measurements of δ via titration
could, unfortunately, not be made in this work. Fig. 1b shows how the
normalized weight of the oxygen carrier changed with temperature
(between 800 and 1000 °C) and pO2 (between ∼ 0 and 0.18 bar). The
sample weight equilibrated readily with the pO2 of the gas environment
through the adjustment of the structural parameter δ and the release or
uptake of gaseous O2. Different from what is usually observed, the
normalized sample weight decreased slightly with decreasing tem-
perature for a given pO2, indicating that δ was lowest at the maximum
temperature investigated (i.e. 1000 °C).

3.1.2. Temperature-programmed reduction / oxidation
The oxygen storage capacity, i.e. the weight fraction of redox-active

lattice oxygen, was determined via thermogravimetry by heating the
oxygen carrier from 25 °C to 1000 °C in 6.7 vol.% of a reducing gas
(CH4, H2 or CO). From Figs. 1c and S3 – S5 in SI it is evident that the
reducibility of the oxygen carrier was much higher in CH4 than in H2 or
CO for a given time. The weight loss occurred in two principle steps; the
first decrease in normalized sample weight (from 1 to ∼ 0.995) linked
with the production of total oxidation products [39] was observed in
the range of 440–590 °C for CH4, ∼ 325–400 °C for H2 and ∼
275–375 °C for CO, whereas the second, much greater decrease started
at ∼ 800 °C. The lower apparent reactivity of the oxygen carrier with
H2 and CO at high temperature was not the result of poor kinetics, but
related to the thermodynamic properties of the oxygen carrier in con-
junction with the quality of mass transport in this particular type of
TGA: As has been shown for similar material compositions [35] (and is
shown for this oxygen carrier in 3.2.2), the equilibrium ratio of H2/H2O
or CO/CO2 is greater than ∼ 20 when reducing the oxygen carrier,
which means that only a small fraction of H2 or CO can thermo-
dynamically be converted into H2O or CO2. The presence of H2O or CO2

in the vicinity of the surface of the oxygen carrier (i.e. the gas-solid
interface where the reactions H2 + [O] → H2O or CO + [O] → CO2

take place) inhibits the conversion of H2 and CO further. Mass transport
in the TGA used in this work is dominated by vertical counter-diffusion
of gas to/from the sample inside the crucible [69,70], implying that the
removal of product gas (i.e. H2O or CO2) from the gas-solid interface is
slow and so explains the low observed rate of reduction for H2 and CO
in Fig. 1c.

When CH4 was used as the reductant, the minimum normalized
sample weight of 0.916 was observed before the temperature reached
the maximum temperature of 1000 °C (Fig. 1c). The actual oxygen
storage capacity was higher than (1 – 0.916 =) 8.4 wt%, because the
measured weight curve reflects overlapping effects of weight decrease
due to the loss of lattice oxygen, and weight increase due to the accu-
mulation of carbon on the surface of the oxygen carrier (CH4 → 2 H2 +
C). The thermal decomposition of CH4 is favored at high temperature, is
catalyzed by metallic iron [71] and became significant in our work
when the oxygen carrier lost more than ∼ 7 % of its initial weight due
to the transfer of its lattice oxygen to the reducing gas; this is discussed
in detail in 3.2.1. Reliable measurements of the oxygen storage capacity
hence require the reduction of the oxygen carrier to be performed in the
absence of side reactions that would impair the recorded weight
changes. Fig. 1d plots the normalized sample weight measured under
6.7 vol.% H2/N2 for an extended time to allow for the near-complete
reduction of the oxygen carrier; the oxygen storage capacity was
9.6 ± 0.2 wt% (average of five measurements). As mentioned above,
the value of δ increased slightly from 1000 to 900 °C, and so the ef-
fective oxygen storage capacity at 900 °C (i.e. the reaction temperature
most frequently used in this work) was minimally lower. In this work,
the effective oxygen storage capacity was estimated conservatively to
be 9 wt%, equivalent to 2.8 mmol of O2 per g oxygen carrier.

Rietveld refinement of the X-ray diffraction (XRD) pattern of the
reduced oxygen carrier (Fig. 1a) suggests that the reduced oxygen
carrier consisted of 47.8 wt% La2O3, 29.2 wt% LaxSr2-xFeyAl1-yO4

(which possessed a tetragonal K2NiF4 structure [72]), and 23wt% Fe
(Fig. S6 and Table S1 in SI). EDX maps showing the distribution of the
elements within the reduced oxygen carrier in Fig. 1e imply that most

Table 1
BET surface area and BJH pore volume of oxygen carrier particles (355–500 μm).

State of the oxygen carrier (oxidized in air) BET surface area (m2 g-1) BJH pore volume (μl g-1)

As-synthesized (calcined at 1300 °C) 1.3 2
Activated (after 20 redox cycles at 900 °C) 0.8 2
Cycled (after > 100 h of redox cycling) 0.8 2
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of the Fe was separated from the other crystalline phases in aggregates
of up ∼ 400 nm, and that Al existed only within the LaxSr2-xFeyAl1-yO4

phase. From a mass balance using the results from the ICP-OES mea-
surements, the values of x and y were ∼ 1.1 and ∼ 0.7, respectively. A
mixture of different phases was visible when the oxygen carrier was
reduced only partially (Fig. 2a,d), which implied that the oxygen carrier
underwent a bulk phase transition beginning when very little lattice
oxygen was removed.

In a temperature-programmed oxidation (TPO) experiment using
air, most of the lattice oxygen was replenished between 375 and 450 °C
in a strongly exothermic reaction (Fig. S7 in SI). Interestingly, upon
heating the oxygen carrier further, the normalized sample weight was
lower in the range 700–900 °C compared to<700 °C and>900 °C,
indicating that multiple phase transitions occurred that are linked with
different oxidation states. Oxidation of the reduced oxygen carrier was
also feasible with CO2 and even N2 (Figs. S8 and S9 in SI); note that the
N2 used (grade 5.0) contained ∼ 10 ppm of O2. Using CO2 as the oxi-
dant, again multiple phase transitions were identified from the curve of
the normalized sample weight (Fig. S8 in SI). In the TPO with N2 (Fig.
S9 in SI), most of the redox-active lattice oxygen was recovered. The
normalized sample weight increased slightly when adding air to the N2

flow (inset in Fig. S9), in agreement with the results shown in Fig. 1b.
The difference in the oxidation potentials of air, CO2 and “N2” is re-
flected by the different oxidation states of the oxygen carrier at the end
of the oxidation reaction, which in turn cause structural variations.
Fig. 1a shows that the positions of the characteristic peaks in the XRD
pattern were shifted towards lower diffraction angles when the oxygen
carrier was re-oxidized in CO2 instead of air; the corresponding

perovskite unit cell parameters were a=5.5573(4) Å, b=7.8624(6) Å,
and c=5.5333(4) Å (Fig. S10 in SI), translating into an increase in unit
cell volume over the sample oxidized in air [73]. Note that the nor-
malized sample weights measured at the end of the TPOs for the dif-
ferent oxidants (Figs. S7 – S9 in SI) did not reflect the differences in
oxidation states of the oxygen carrier – the normalized sample weight of
the sample oxidized in air should be higher than that of the sample
oxidized in CO2 – which was probably owing to different initial sample
weights (i.e. slightly different degrees of reduction). Importantly, upon
exposure to CH4 a further shift towards lower diffraction angles was not
seen in the XRD pattern in Fig. 2d, although there was still a relatively
high amount of non-stoichiometric oxygen within the perovskite
structure present given the low amount of lattice oxygen removed (e.g.
points 2 and 3 in Fig. 2a). Therefore, oxygen removal from the oxygen
carrier was largely linked with a bulk phase transition, rather than an
increase in δ until the maximum value of δ=0.5 is reached for a
structurally stable perovskite.

3.1.3. In-situ X-ray diffraction
The high affinity of the reduced oxygen carrier for oxidants was

apparent from the change of its color upon long exposure to ambient
air. The reduced oxygen carrier was black, oxygen carrier oxidized in
CO2 was yellow/ocherous/red (the color varied within a very narrow
range of conversion), and the oxygen carrier oxidized in air was dark
grey. The color of the red oxygen carrier powder (oxidized in CO2)
changed consecutively to dark red, brown and grey when stored in a
drying oven at 80 °C for two weeks. In-situ XRD was performed to un-
derstand the transition between phases upon reduction/oxidation. The

Fig. 2. (a) Normalized sample mass of the oxygen carrier shown as a function of time, as measured in the TGA during reduction at 800 °C using 6.7 vol.% CH4 in N2.
Samples were collected at different degrees of reduction (1–5) with the corresponding XRD patterns shown in (d); the grey horizontal dashed lines indicate the
maximum and minimum normalized sample mass for full oxygen carrier conversion. (b) In-situ XRD patterns collected between 200 and 800 °C when a reduced
oxygen carrier was re- oxidized in air. (c) 2D contour plot of the XRD patterns shown in (b). (d) XRD patterns of oxygen carrier for different extents of reduction
shown in (a). The red dashed rectangle indicates the evolution of the main diffraction peak at 44.6° due to metallic Fe. (e) In-situ XRD patterns collected between 500
and 800 °C when a reduced oxygen carrier was re-oxidized in “Ar”. (f) 2D contour plot of the XRD patterns shown in (e) (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).
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sample was heated from 25 to 800 °C at a rate of 10 °Cmin−1 under a
flow of 200ml min−1 of air. Every 25 °C, the temperature was held for
30min during which three measurements in the 2θ range of 20–60 °
were made; the diffractograms are plotted in Fig. 2b and are presented
in Fig. 2c as a D contour plot. Starting from ∼ 275 °C, the metallic Fe
phase (main diffraction peak at 44.6°) transformed to Fe3O4 (main
diffraction peak at 35°). The final perovskite structure began to form
only at ∼ 700 °C, when also the reflections due to Fe3O4 gradually
vanished. These observations are consistent with the TPO in air (Fig. S7
in SI), where a significant structural transformation was observed near
700 °C. The weight curve measured in the TPO with CO2 that has a
much lower oxidation potential than air suggests at least one additional
phase transition (Fig. S8 in SI), which was investigated by performing
the in-situ XRD experiment in Ar. Owing to O2 impurities, Ar (grade
5.0) possessed a pO2 that was much smaller than that of air and more
suited to observe intermediate phases given the relatively low time
resolution of the XRD instrument. The results plotted in Fig. 2e and f
show that the metallic Fe phase was first transformed to FeO (main
diffraction peak at 42°) at∼ 580 °C, and then to Fe3O4 at∼ 640 °C. The
final perovskite structure formed at ∼ 780 °C when the Fe3O4 phase
disappeared. Similar to the experiment in which air was used as the
oxidant, only additional phase transitions related to the initial metallic
Fe were observed (i.e. Fe → FeO → Fe3O4), and the La2O3, LaxSr2-
xFeyAl1-yO4 and Fe3O4 phases transformed to the perovskite phase in a
single step. At 800 °C, air was added to the Ar flow, resulting in a shift
of the characteristic peaks in the XRD pattern towards larger diffraction
angles (Fig. S11 in SI) due to the additional oxygen incorporated in the
structure (equivalent to a decrease in the value of δ, see also Fig. 1a).

Lastly, in a third in-situ XRD experiment, the reduced oxygen carrier
was heated in 5 vol.% CH4/N2 to 800 °C to avoid early oxidation. At
800 °C, the flow of CH4 was stopped and only N2 was flown over the
sample for 5min. After one measurement (10min), the oxygen carrier
was fully oxidized and only reflections due to the perovskite phase were
observed. Performing the same experiment at 600 °C resulted in the
formation of an Fe3O4 phase, but no further oxidation to form the
perovskite phase occurred (the experiment was terminated after 7 h).
The in-situ XRD experiments revealed that the formation of the FeO/
Fe3O4 phases at low temperature (< 600 °C) inhibited the direct tran-
sition of the La2O3, LaxSr2-xFeyAl1-yO4 and Fe phases to the perovskite
phase. At high temperature (> 800 °C), the direct formation of the
perovskite phase was favored over the formation of Fe3O4 even in very
low pO2 environments.

3.1.4. Pulse experiments
The formation of gaseous reaction products has not been considered

yet in Section 3.1. Previous studies using similar perovskite-based
oxygen carriers for the POx reaction have reported that the oxygen
carrier undergoes several stages upon reduction, with varying se-
lectivity towards total and partial oxidation products of CH4 that imply
mechanistic differences in the transfer of lattice oxygen to the CH4

[59–62]. Pulse experiments are a useful tool to assess the selectivity
towards products as a function of conversion of the oxygen carrier
[74,75]. Here, the fully oxidized oxygen carrier (180–212 μm) was
exposed to 200 pulses of CH4 through a 0.1 ml sample loop at∼ 910 °C;
Ar (grade 5.0) was used as the carrier gas. Assuming an average CH4

conversion of 50 %, ∼ 240 pulses were theoretically needed to reduce
the oxygen carrier completely. The results of two of such experiments
are shown in Fig. 3a and b, with the only difference being the time
between consecutive pulses (170 vs. 110 s). The signals for each m/z
were normalized to the respective maximum intensity observed over
the 200 pulses, and they are presented on a linear scale.

In the experiment with a time lag of 170 s between consecutive
pulses (Fig. 3a), CH4 was rapidly converted into the total oxidation
products CO2 and H2O at the very beginning. The signal intensity of
CO2 and H2O decreased with the number of pulses and eventually be-
came insignificant after ∼ 10 pulses of CH4 injected. The reverse trend

was observed for the partial oxidation products CO and H2, which were
the dominant gaseous species produced after ∼ 10 pulses. The con-
version of CH4 was highest in the very first pulse when CH4 was totally
oxidized to CO2 and H2O, as can be seen from the relatively low in-
tensity of the m/z 15 signal (the m/z 15 signal was preferred over the
m/z 16 signal to avoid cross-sensitivities with CO, CO2, H2O and O2).
When the partial oxidation was dominant (after ∼ 10 pulses), the CH4

conversion increased slightly with the number of CH4 pulses (and thus
the extent of reduction of the oxygen carrier). No thermal decomposi-
tion of CH4 was observed, as the intensities of the signals corresponding
to CO and H2 followed the same, continuously increasing trend.

The principal trend in the mass spectrometer signals was similar in
Fig. 3b when the time between consecutive pulses of CH4 was reduced
from 170 to 110 s. However, the total oxidation products vanished after
a smaller number of pulses and partial oxidation products became
dominant after only 3–4 pulses of CH4. After∼ 120 pulses, the intensity
of the m/z 28 (CO) signal decreased, whereas the intensity of the m/z 2
(H2) signal increased, implying (i) that the oxygen carrier became close
to being depleted in redox-active lattice oxygen, and (ii) that the
thermal decomposition of CH4 became significant. The conversion of
CH4 appeared slightly higher when CH4 decomposed thermally (> 120
pulses) compared to when CH4 was partially oxidized (< 120 pulses).

Previous works have reported on a “relaxation” effect related to the
transfer of lattice oxygen from the bulk of the oxygen carrier to its
surface [76,77]: When the time between consecutive pulse injections
was increased, a decreasing selectivity towards synthesis gas was ob-
served and total oxidation products appeared again. The results of our
measurements shown in Fig. 3a and b point in a similar direction and at
the beginning of the experiment (first ∼ 5 pulses), a longer time be-
tween consecutive pulses resulted in a lower selectivity towards CO and
H2. Yet, the underlying reason was not a “relaxation” effect (that would
depend also on the physical properties of the oxygen carrier), but
simply the result of the re-oxidation of the oxygen carrier with traces of
O2 contained in the Ar carrier gas, which happened between con-
secutive pulses of CH4. Our TPO (Fig. S9 in SI) and in-situ XRD mea-
surements (Fig. 2e,f) showed that the oxygen carrier can readily be
oxidized in extremely low pO2 environments. The complete reduction of
the oxygen carrier was not achieved in our pulse experiments within a
reasonable time when the time between consecutive pulses was greater
than 1min. We also note that the switching valves accommodating the
sample loop must be contained in an inert environment, as otherwise
additional O2 from ambient air will diffuse into the valve and con-
tribute to the re-oxidation of the oxygen carrier. The oxygen carrier,
once reduced to some degree, is extremely efficient in removing oxi-
dants from a gas stream at high temperature. We observed that the re-
oxidation was feasible using N2, Ar or He (all grade 5.0) and no oxi-
dants (O2, CO2 or H2O) were detected by mass spectrometry until
breakthrough (i.e. when the oxygen carrier was fully oxidized) despite
detection limits in the ppb range. Thus, what has been referred to as a
“relaxation” effect in other works may have been the result of oxidizing
impurities in the carrier gas too. The overlapping effects of reduction
and oxidation during the pulse experiments make an accurate de-
termination of the conversion of the oxygen carrier extremely difficult.

Different stages of selectivity towards synthesis gas were observed
in the pulse experiments, which have been related to selective and un-
selective oxygen species on the surface of the oxygen carrier
[59,76,78]. X-ray photoelectron spectroscopy (XPS) was employed to
distinguish between different types of oxygen species and the oxida-
tions states of the metal elements for different degrees of oxygen carrier
conversion, i.e. oxidized in air, oxidized in CO2 and reduced (after the
TPR shown in Fig. 1d). Fig. 3c shows the corresponding O 1s XPS
spectra, which were deconvoluted into two peaks that were sufficient
for an excellent agreement with the measured data. The two peaks re-
flect lattice oxygen (OI, binding energy ∼ 529.8 eV) and chemically
adsorbed oxygen (OII, binding energy ∼ 532 eV); physically adsorbed
oxygen species have been reported for higher binding energies [39] but
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were not observed in our measurements such that a third or fourth
deconvolution peak would have improved the quality of the fit sig-
nificantly. OI has been linked with nucleophilic oxygen (O2− in the
lattice) that is selective for partial oxidation products, whereas OII has
been linked with electrophilic oxygen species that lead to the formation
of total oxidation products [78,79]. The ratio of the areas under the two
peaks, OI/OII, decreased with conversion, consistent with OI being the
dominant redox-active oxygen species [80,81]. The ratio OI/OII = 1.21
measured for the fully oxidized oxygen carrier is within the range that
has been observed by others for similar material compositions [44,82].
However, unique features from the O 1s XPS spectra that could be re-
lated to selectivity for the total or partial oxidation of CH4 were not
identified, and the ratio OI/OII appeared to change proportionally with
conversion.

Fig. 3d shows the Fe 2p XPS spectra which feature two main peaks,
Fe 2p3/2 at low binding energies and Fe 2p1/2 at higher binding en-
ergies. A shift in peak position is apparent when comparing the samples
oxidized in air and CO2, which implies a decrease in the oxidation state
of the Fe [83]; determining the exact oxidation states requires XPS
measurements at higher resolution to analyze better the position of
satellite peaks, or 57Fe Mössbauer spectroscopy [35,84]. The satellite
peaks observed near ∼ 717 eV in the spectra of the sample oxidized
with CO2 and the reduced sample are indicative of Fe3+. In the reduced
sample, the shoulder at ∼ 706 eV is characteristic of metallic Fe [83],
as expected from the XRD measurements in Fig. 1a. Therefore, the Fe 2p
XPS spectra show that Fe existed in at least two different oxidation
states in the reduced sample corresponding to the metallic Fe and
LaxSr2-xFeyAl1-yO4 phases. From a mass balance based on the Rietveld

refinement shown in Fig. S6 in SI,> 85 % of the Fe contained in the
parent perovskite was reduced to metallic Fe; the effective oxygen
storage capacity of ∼ 9wt% was thus a result of the change in oxida-
tion state of the Fe from Fe3+/Fe4+ to Fe°.

The La 3d XPS spectra plotted in Fig. S12 in SI contained two spin-
orbit components (La 3d5/2 at low binding energies and La 3d3/2 at
higher binding energies), which were further split by multiplet splitting
upon reduction. The magnitude of the splitting (i.e. the difference in
binding energy between the pairs of peaks) can relatively reliably be
related to different lanthanum compounds [85]. XRD in Figs. 1a and S6
in SI showed that La2O3 was the dominant crystalline phase in the re-
duced oxygen carrier, so that the difference in binding energy was ex-
pected to be ∼ 4.6 eV [83]. The actual difference was only ∼ 3.7 eV
(Fig. S12 in SI), suggesting that hydroxy and, or, carbonate phases were
present on the surface of La2O3 [85,86]. The Sr 3d and Al 2 s XPS
spectra are shown in Figs. S13 and S14 in SI for completeness.

3.2. Part 2 – Assessment of the cyclic performance in different reactors

3.2.1. Thermogravimetric analyzer (TGA)
In this study, off-gas from the TGA was analyzed simultaneously by

infrared and thermal conductivity sensors to relate conversion of the
oxygen carrier with the type of products formed. The oxygen carrier
was first reduced in 6.7 vol.% CH4/N2 and then sequentially oxidized in
6.7 vol.% CO2/N2 and 83.3 vol.% air/N2; each reaction step lasted
9min. Purge steps with pure N2 (grade 5.0) of 1min each were per-
formed between the reducing and oxidizing reaction steps for data
analysis purposes. At least 20 redox cycles were performed using

Fig. 3. (a) Measured signals of various m/z in response to pulses of CH4 over the oxygen carrier; the time between consecutive pulses was 170 s and 200 pulses were
injected. (b) Measured signals of various m/z in response to pulses of CH4 over the oxygen carrier; the time between consecutive pulses was 110 s and 200 pulses were
injected. (c) XPS spectra in the O 1s region measured for oxidized (air / CO2) and reduced (partially / completely) oxygen carrier; measurements were deconvoluted
into two peaks. The partially reduced oxygen carrier was reduced in CH4 for 1min in the TGA at 900 °C. (d) XPS spectra in the Fe 2p region measured for oxidized (air
/ CO2) and reduced oxygen carrier. The vertical grey dotted lines indicate a shift in peak position. The red square indicates the position of a feature due to metallic Fe
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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activated oxygen carrier (< 50 μm) at 850, 900 and 950 °C.
Fig. 4a shows exemplarily the normalized sample weight and tem-

perature recorded during a complete redox cycle. Similar to what was
observed in the TPR experiments, reduction with CH4 was fast, oc-
curred in one reaction step and the minimum sample weight (corre-
sponding roughly to the time when the oxygen carrier was depleted in
redox-active lattice oxygen) was reached after less than 5min. The in-
crease in normalized sample weight during the reduction step was due
to the weight of carbon deposited on the oxygen carrier surface from
the thermal decomposition of CH4 (CH4 → 2 H2 + C). From the change
in measured sample temperature it is clear that the reduction reaction
was endothermic. The decomposition of CH4 catalyzed by the metallic
Fe phase of the oxygen carrier is also endothermic (∼ 90 kJ mol-1 at
900 °C), but did not affect the sample temperature (and the measured
heatflow) significantly. Owing to the overlapping effects of weight
decrease due to the reduction reaction and weight increase due to
carbon deposition, the actual onset of carbon deposition was de-
termined from the measured mole fractions of H2 and CO, shown in Fig.
S15 in SI, and related to the normalized sample mass. At reaction
temperatures of 850, 900 and 950 °C, the ratio of H2/CO increased to
values> 2 (i.e. the theoretical ratio for the POx reaction) when the
normalized sample mass reached a value of ∼ 0.93, and so indicated
that the decomposition of CH4 occurred as a side reaction. Note that the
TGA and the gas analysis were synchronized to account for the response
of the gas analyzers and the time needed for the gas to travel from the
TGA reaction chamber to the gas analyzer. The reducibility of the

oxygen carrier was relatively stable with cycling (Fig. 4b) and increased
with temperature (Fig. 4c). When using large (355–500 μm) instead of
small particles (< 50 μm), the reducibility decreased slightly owing to
the greater intraparticle diffusion resistance (Fig. 4c). From the heat-
flow measured during the reduction step, the heat of reaction was es-
timated as ∼ 425 kJ per mol of O2at 900 °C, assuming an oxygen sto-
rage capacity of 9 wt% (note that the amount of lattice oxygen reacted
has been converted to moles of O2 to ease comparison with gas-phase
reactions). This estimate is equivalent to 212.5 kJ per mol of CH4, and is
thus slightly lower than the heats of reaction for the steam reforming of
CH4 (CH4 + H2O → 3 H2 + CO, 226 kJ mol−1) and the dry reforming
of CH4 (CH4 + CO2 → 2 H2 + 2 CO, 259 kJ mol−1). The sum of the
heats of the reduction reaction of the oxygen carrier with CH4 and the
oxidation reaction with air is the same as that of the POx reaction (CH4

+ 0.5 O2 → 2 H2 + CO, −23 kJ mol−1), and so the heat of the oxi-
dation with air is estimated to be −471 kJ per mol of O2.

Carbon deposited on the surface of the reduced oxygen carrier
during the TPR with CH4 was characterized by Raman spectroscopy
(Fig. 4d). The three main peaks observed at 1368, 1580 and 2733 cm−1

correspond to the D, G and 2D bands, respectively; the ratio of the in-
tensities of these bands varies depending on the structure of the carbon
[87,88]. The ratio of the intensities of the D peak to the G peak (ID/IG)
was∼ 0.14, characteristic for polycrystalline graphite of relatively high
structural order [88]. Such type of carbon is typically more resistant to
oxidation and gasification than less ordered carbon with a higher
number of defects and a high ID/IG [89,90]. We note that the final

Fig. 4. (a) Normalized sample mass and temperature of the oxygen carrier measured in the TGA, shown as a function of time during the fifth of 20 redox cycles. (b)
Normalized sample mass of the oxygen carrier measured during the reduction step in the TGA, shown for various cycle numbers. The grey arrow indicates increasing
cycle number. (c) Normalized sample mass of the oxygen carrier measured during the reduction step in the TGA, shown for various temperatures. The grey arrow
indicates increasing temperature. (d) Raman spectra measured for the oxygen carrier after the TPR in CH4. The vertical grey lines indicate the position of the D, G and
2D bands, respectively, characteristic for carbon species. The pattern shown was averaged from spectra measured for six different areas; the red error bounds
representing two standard deviations illustrate the good repeatability of the measurements. (e) Normalized sample mass and temperature of the as-synthesized
oxygen carrier (355–500 μm) measured in the TGA over 50 redox cycles (Reduction in 6.7 vol.% CH4/N2, oxidation in 83.3 vol.% air/N2). The yellow circles indicate
the normalized sample weight measured at the end of each reduction step (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).
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temperature of the TPR (1000 °C) was higher than the reaction tem-
peratures used in the experiments in the TGA, FBR and PBR, which may
have affected the properties of the carbon. The Raman analysis of
samples with carbon deposits from experiments performed at 900 °C
gave an average ID/IG ≈ 0.29, which was slightly lower, but still in-
dicative of polycrystalline graphite.

Turning to the oxidation reactions in Fig. 4a, it can be seen that the
carbon removal and the re-oxidation with CO2 occurred quickly. The
normalized sample weight at the end of the oxidation step with CO2 was
∼ 0.997, suggesting that ∼ 3–3.5 % of the total redox-active lattice
oxygen (for an oxygen storage capacity of 9 wt%) contributed to the
total oxidation of CH4 that was observed in the pulse experiments. As
will be seen more clearly in the experiments using the FBR in 3.2.2, the
oxidation reaction with CO2 was mildly exothermic, whereas the
carbon gasification reaction with CO2 (C+CO2 → 2 CO, 169 kJ mol−1)
or H2O (C + H2O → H2 + CO, 136 kJ mol−1) is endothermic, resulting
in a net temperature decrease in Fig. 4a. The oxidation reaction with air
recovered the initial sample weight completely in an exothermic reac-
tion. For completeness, the results of the cycling experiments performed
at 850, 900 and 950 °C, including the measured off-gas concentration
profiles, are summarized in Figs. S16 – S18 in SI and show a stable
performance of the oxygen carrier.

The long-term stability and sinter-resistance of the as-synthesized
oxygen carrier (355–500 μm) was assessed in a 50-cycle experiment at
900 °C using only air (83.3 vol.% air/N2) in the oxidation step; the
temperature increase was thus much higher compared to when an ad-
ditional oxidation step with CO2 was included (Fig. 4e). The period of
activation lasted ∼ 20 redox, as can be seen from the normalized
sample weight at the end of the reduction step (indicated through
yellow circles). Therefore, the time required for the complete reduction
of the oxygen carrier decreased with cycle number, and the extent of
carbon deposition increased accordingly.

We note that performance parameters, such as the conversion of
CH4, were not calculated from the measurements of the TGA experi-
ments, because the TGA is in itself not suitable for such measurements
owing to poor gas-solid contact efficiencies. Consequently, FBR and
PBR experiments were performed with two distinct gas-solid contact
patterns that enable (i) the uniform conversion of the entirety of the
oxygen carrier particles in the FBR, and (ii) the gradual, local conver-
sion of the oxygen carrier particles in the PFR through reaction fronts.

3.2.2. Fluidized bed reactor (FBR)
Experiments in the FBR were performed in a similar fashion as in

the TGA and PBR, viz. in three steps at the set reactor temperatures
ranging from 800 to 950 °C: Reduction was performed in 8.6 vol.%
CH4/N2, followed by re-oxidization of the oxygen carrier first in 7.1 vol.
% CO2 or H2O/N2 and then in 85.7 vol.% air. Purge steps with pure N2

(grade 5.0) for 3min each were performed between the reducing and
oxidizing reaction steps for data analysis purposes The bed consisted of
oxygen carrier particles (355–500 μm) only to observe better phe-
nomena such as the sintering or the agglomeration of the particles,
which may remain unobserved when inert bed material is added.

Similar to our previous observations [63], the bed temperature
decreased by> 30 °C during the endothermic reduction reaction and
the total amount of synthesis gas produced increased with time of re-
duction and conversion of the oxygen carrier (Fig. 5a). CO2 (and H2O)
was produced only at the very beginning of the reduction reaction,
consuming ∼ 3.4 % of the oxygen carrier’s total redox-active lattice
oxygen in the experiment performed at 900 °C. Note that the mole
fraction of H2O was not measured in these experiments and it was as-
sumed that the total oxidation of CH4 occurred according to CH4 + 4
[O] → 2 H2O+CO2 in the calculations of lattice oxygen consumption.
At 800 °C, ∼ 3.7 % of the oxygen carrier’s total redox-active lattice
oxygen was consumed for the total oxidation of CH4, and at 950 °C the
value decreased to ∼ 3.1 %. The values are in good agreement with the
TGA measurements in Fig. 4a and the trend with temperature is

consistent with the results shown in Fig. 1b: The fully-oxidized oxygen
carrier released gaseous O2 under the N2 environment just before the
reduction step and the amount of oxygen released increased slightly
with temperature (Fig. 1b), leaving effectively less lattice oxygen that
was selective for the total oxidation of CH4. After the initial peak of
CO2,> 99 vol.% of the off-gas consisted of H2, CO and unconverted
CH4, with traces of CO2 (but no H2O) present.

The conversion of CH4 increased with conversion of the oxygen
carrier (i.e. the removal of lattice oxygen and increasing number of
oxygen vacancies [91–94]), and so to ease a comparison for different
temperatures, the conversion of CH4 is reported in Fig. 5b for an oxygen
carrier conversion of 20 %; this also allows for a comparison with the
results from the PBR in 3.2.3. The conversions of CH4 in Fig. 5b are thus
much lower than the maximum conversions observed. For example, at a
set temperature of 925 °C the conversion of CH4 was>92 % for oxygen
carrier conversions> 40 %, but was only 85 % for an oxygen carrier
conversion of 20 %. The conversion of CH4 generally increased with
temperature up to 925 °C, but was slightly lower at 950 °C than at
900 °C. The reason for this observation is not totally clear, but may be
related to a lower gas-solid contact time since the total flow rate (at
NTP) into the FBR was the same at all temperatures investigated; the
effect of the gas-solid contact time was not studied in this work. The
ratio of H2/CO increased with temperature (Fig. 5c) and was greater
than the theoretical value of 2, which was unexpected since no carbon
deposits were observed when analyzing the reduced (conversion>70
%) oxygen carrier particles from the FBR using Raman spectroscopy.
Further, the carbon balance was poor in the reduction step of the
fluidized bed experiments, closing to only∼ 80 %. The remaining∼ 20
% of the carbonaceous gas entering the fluidized bed (i.e. CH4) may
have been deposited as solid carbon, but, again, no evidence of carbon
on the surface of the oxygen carrier or in filters was found. This requires
further investigations.

The equilibrium ratios of CO/CO2 or H2/H2O (and corresponding
conversions of CO2 or H2O during oxidation) were determined at the
beginning of the mildly exothermic oxidation step with CO2 or H2O and
are reported in Fig. 5d. The initial peak in CO concentration was due to
an overshot in CO2 flow when opening the gas valve (see blank ex-
periment in Fig. S19 in SI). Using CO2 as the oxidant,> 96.5 % was
converted into CO. The conversion of H2O to H2 was> 94 % and was
thus slightly lower than the conversion of CO2 to CO, even though CO2

and H2O possess very similar oxidation potentials at the temperatures
studied [95]. No significant contamination of the H2 with CO was ob-
served (Fig. S20 in SI) and the purity of the H2 was>99.5 %. The error
associated with the measurements of the ratios H2/H2O were relatively
large as can be seen from the standard deviations in Fig. 5d, which was
most likely caused by slight variations in the flow rate of liquid H2O
through the double piston pump that was used in the steam generation
part of the reactor setup. Importantly, the ratios of CO/CO2 or H2/H2O
were much higher than those observed for most other material com-
positions that have been employed in CO2 or H2O-splitting reaction
schemes [95–97].

In the oxidation step with air, a large increase in temperature was
observed, although only a little amount of additional lattice oxygen was
replenished. The small peak of CO2 at the beginning of the oxidation
reaction was not related to the combustion of carbon deposits, but CO2

trapped in the manifold that was released when flowing air (see blank
experiment in Fig. S19 in SI). We note that an important aspect for the
practical use of oxygen carrier particles in high-temperature redox
processes (in both FBR and PBR) is their thermal and mechanical sta-
bility, which is discussed in Section 2.2 in SI.

3.2.3. Packed bed reactor (PBR)
The third reactor type used in this work was the PBR, in which the

stagnant oxygen carrier particles (180–212 μm) reacted from the top
(where the gas entered) to the bottom. Reduction was performed in
5 vol.% CH4/N2, followed by re-oxidization of the oxygen carrier first in
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5 vol.% CO2/N2 and then in 50 vol.% air. Purge steps with pure N2

(grade 5.0) for 2min each were performed between the reducing and
oxidizing reaction steps for data analysis purposes. Similar to the ex-
periments using the FBR, performance parameters such as conversion of
CH4 are reported for oxygen carrier conversions of 20 %. The conver-
sion of the oxygen carrier was calculated based on the total amount of
oxygen carrier loaded into the reactor, but because the oxygen carrier
was reduced from top to bottom in the packed bed, local conversions of
the oxygen carrier may have been very much different.

At the beginning of the reaction (Fig. 6a, note that O2 was not
measured), CH4 was converted completely into CO2 (and H2O), con-
sistent with the pulse (Fig. 3a,b) and FBR experiments (Fig. 5a). There
was then a rapid transition from the total oxidation to the partial oxi-
dation of CH4 and synthesis gas generation increased with time and
conversion of the oxygen carrier. Generally, the conversion of CH4 was
higher in the PBR than in the FBR at a certain reaction temperature
(Fig. 6b). The conversion of CH4 was higher for lower flow rates of gas
due to higher gas-solid contact times. At 925 °C, almost all CH4 was
converted into synthesis gas, and so no experiments were performed at
950 °C. The carbon balance closed to within 95 % in the PBR experi-
ments, i.e. much better than in the FBR experiments. The selectivity
towards CO was unaffected by the flow rate of CH4 and decreased with
temperature (Fig. 6c), indicating that the decomposition of CH4 oc-
curred and that carbon was deposited on the oxygen carrier; note that
the selectivity towards synthesis gas (CO + H2) was always> 99 % for
oxygen carrier conversions> 3.5 %. The reduction of the oxygen car-
rier with H2 or CO (i.e. gas products produced in the top part of the
packed bed) was not significant and did not impair the oxygen carrier’s
high selectivity towards synthesis gas. The ratio of H2/CO measured
during reduction increased with temperature and, surprisingly, was<
2, even though it was apparent that carbon deposition occurred

(Fig. 6d). The results shown in Fig. 6d were expected to be seen in the
FBR experiments in line with previous work [63], but not in the PBR
experiments. We note that H2 was measured using a thermal con-
ductivity analyzer (ABB, EL3020, Caldos27), which is cross-sensitive
towards other gas species, especially CH4. These cross-sensitivities were
accounted for in the calibration of the instrument, and so explaining the
results in Fig. 6d requires further investigations. That carbon deposition
was significant during reduction can be seen also from the oxidation
step with CO2 in Fig. 6a: The measured concentration of CO was greater
than the inlet concentration of CO2 because, in addition to the re-oxi-
dation of the oxygen carrier (Reaction 3), carbon deposits were gasified
(C+CO2 → 2 CO). The equilibrium ratio of CO/CO2 was therefore not
determined in the PBR experiments. The peak in the concentration of
CO at the beginning of the oxidation step with air indicates that not all
carbon was gasified with CO2 in the previous oxidation step (Fig. 6a).
We did not observe CO2 as an oxidation product of deposited carbon
when using air in any of the FBR and PBR experiment.

3.3. Part 3 – Continuous synthesis gas production over 45 days

The potential of this oxygen carrier was demonstrated in an ex-
periment over 45 days in the PBR. The oxygen carrier (355–500 μm)
was cycled between 5 vol.% CH4/N2 and 5 vol.% CO2/N2 for 8min
each, using a total flow rate of 50ml min−1 (NTP); one complete redox
cycle thus lasted 16min and more than 4050 redox cycles were per-
formed at an average temperature of 917.7 ± 0.6 °C. The oxygen car-
rier was mixed with 40wt% SiC of the same size to avoid blocking of
the reactor in case that the particles would disintegrate and form fine
powder. There was no additional purge step with pure N2, nor was air
used to re-oxidize the oxygen carrier.

Fig. 7a shows the gas profiles measured during every 500th redox

Fig. 5. (a) Average gas concentrations and average
bed temperature as a function of time, as measured
over at least ten consecutive redox cycles using the
FBR with ∼ 6.5 g of oxygen carrier particles
(355–500 μm) at a set temperature of 900 °C. Error
bounds representing two standard deviations are
plotted around the averaged curves to illustrate the
high cyclic stability. (b) Conversion of CH4 at an
oxygen carrier conversion of 20 % as a function of the
set reactor temperature. (c) Ratio of H2/CO at an
oxygen carrier conversion of 20 % as a function of the
set reactor temperature. The horizontal grey dashed
line indicates the theoretical ratio of 2. (d) Ratio of
CO/CO2 and H2/H2O determined at the beginning
(after 40 s) of the oxidation step as a function of the set
reactor temperature. Error bars in (b), (c) and (d) re-
present two standard deviation based on measure-
ments over at least ten redox cycles.
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cycle. The concentrations of CH4 and CO2 were insignificant, showing
that they were converted completely into synthesis gas (Fig. 7b,c);
additionally the gas profiles for cycles 1–500 are shown in Fig. S32 in
SI. From cycle ∼ 100, no significant concentrations of CH4 or CO2 were
measured. The ratio of H2/CO during the reduction step increased with
cycling (from ∼ 2.01–2.55) because increasingly more of the CH4 en-
tering the reactor was converted into carbon and H2 than to CO
(Fig. 7b,c). Accordingly, the average conversion of the oxygen carrier
during reduction decreased from ∼ 0.13 to 0.10; the maximum theo-
retical conversion assuming all CH4 entering the reactor is partially
oxidized was 0.13. The peak in the CO concentration at the beginning of
the oxidation step was due to the gasification of carbon deposits with
CO2. If all carbon deposits are gasified in the oxidation step, the average
ratio of H2/CO over an entire redox cycle is one. Here, the ratio of H2/
CO over an entire redox increased from ∼ 0.98 to 1.05, implying that
carbon accumulated with time and that only some of the carbon was
gasified at the beginning of the oxidation step. As was seen also in the
TGA experiment towards the end of the 50 redox cycles (Fig. 4e), the re-
oxidation of the oxygen carrier was preferred over the oxidation or
gasification of carbon when the supply of oxidant was limited. Fig. 7d
plots the concentrations of CO and CO2 at the end of the 45-day ex-
periment; after the last oxidation step, the sample was kept in 5 vol.%
CO2 for another ∼ 18 h. The mole fraction of CO in the off-gas was ∼
0.05 for ∼ 20min corresponding to the re-oxidation of the oxygen
carrier (Reaction 3) and then increased to ∼ 0.074 for ∼ 3.5 h due to
the gasification of carbon that was either locally separated from the
carbon that was gasified at the very beginning of the oxidation step or
was more crystalline and thus more resistant to oxidation or gasifica-
tion. Interestingly, the mole fraction of CO was not ∼ 0.095 as the
stoichiometry of the gasification reaction with CO2 would imply

(C+CO2 → 2 CO); note that the flow rate of the diluent N2 was 47.5ml
min−1. This suggests that only roughly half of the CO2 entering the
packed bed was involved in the direct gasification of the carbon. The
other half may have been consumed in the replenishment of oxygen
vacancies, which would imply that some of the carbon was oxidized
through lattice oxygen (C + [O] → CO) – otherwise the recovery of
redox-active lattice oxygen through CO2 would exceed the oxygen
storage capacity by far. Observations made in the PBR experiments in
Fig. 6a appear to support this: The CO concentration did not return to
zero in the purge steps with N2, because carbon may have been oxidized
by remaining redox-active lattice oxygen, similar to previous results in
the context of the dry reforming of CH4 [98]. The complex interplay of
the reactions involved in the oxidation of the carbon deposits seems
worth being studied separately. In Fig. 7d all carbon was oxidized when
the breakthrough in CO2 concentration occurred. The mole fractions of
CO and CO2 did not return to, respectively, zero and 0.05 until the
furnace was turned off, suggesting a small fraction of the CO2 was still
being converted into CO. The difference to 0.05 in the mole fraction of
CO2 after the furnace was turned off implies a small drift in the cali-
bration of the gas analyzer over the> 45 days of the experiment.

Lastly, the XRD pattern of the collected oxygen carrier showed re-
flections of Fe3O4 as an impurity phase (Fig. 7e). Iron oxide phases
separated from the perovskite environment reduce to metallic Fe faster
and thus may have contributed to catalyzing the decomposition of CH4

and reducing the overall reactivity [99]. Results from the in-situ XRD
measurements showed that even when Fe3O4 was formed, the per-
ovskite structure was readily recovered upon oxidation at tempera-
tures> 800 °C (Fig. 2b/d). However, in the 45-day experiment the
oxygen carrier was not re-oxidized completely. Further, we observed
via XRD that cementite, an iron carbide (Fe3C), formed when carbon

Fig. 6. (a) Average gas concentrations as a function of
time, as measured over five consecutive redox cycles
using the PBR filled with ∼ 1.1 g of oxygen carrier
particles (180–212 μm) at a set temperature of 900 °C.
Error bounds representing two standard deviations are
plotted around the averaged curves to illustrate the
high cyclic stability. (b) Conversion of CH4 at an
oxygen carrier conversion of 20 % (10 % at 800 °C) as
a function of the set reactor temperature for two dif-
ferent gas flow rates at NTP. (c) Selectivity towards CO
at an oxygen carrier conversion of 20 % (10 % at
800 °C) as a function of the set reactor temperature for
two different gas flow rates at NTP. (d) Ratio of H2/CO
at an oxygen carrier conversion of 20 % (10 % at
800 °C) as a function of the set reactor temperature for
two different gas flow rates at NTP. The horizontal
grey dashed line indicates the theoretical ratio of 2.
Error bars in (b), (c) and (d) represent two standard
deviation based on measurements over at least five
redox cycles.
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deposition occurred (Fig. S33 in SI), which may have caused the se-
paration of a fraction of the Fe phase from the perovskite environment
[100]. The reactivity of the oxygen carrier collected after the long cy-
cling experiment was investigated in the TGA. Fig. 7f shows that the
initial reactivity with CH4 was poor with substantial amounts of carbon
deposited during the reduction step analogous to the observations made
in the 45-day experiment. After oxidation with air, the oxygen carrier
was very reactive again, as can be seen from the rapid decrease in the
normalized sample weight in the 2nd and 3rd reduction. Surprisingly,
the recovering of the high reactivity was not related to the dis-
appearance of the isolated Fe impurity phase, because it still existed
after the experiment (Fig. 7e). Further, TEM/EDX images of the sample
before and after the TGA experiment were inconclusive such that a
dedicated structural characterization work would be required to un-
derstand this observation. The results imply that the oxygen carrier
should be regenerated with air from time to time to ensure a cyclically
high and stable reactivity.

3.4. Part 4 – process configurations

The results presented in 3.1–3.3 demonstrate the potential of this
class of oxygen carrier for the complete conversion of CH4 to synthesis
gas, and the near-complete conversion of the oxidants CO2 and H2O to,
respectively, CO and H2. The reduced oxygen carrier is extremely effi-
cient in removing oxidizing species from a gas stream at high

temperature (> 800 °C), such that pure streams of e.g. N2, Ar or He can
readily be obtained. If the supply of oxidants is limited, replenishment
of lattice oxygen is preferred over the oxidation of carbon. Non-stoi-
chiometric, oxygen-deficient metal oxides that are often used in the
context of solar-assisted H2O/CO2-splitting or CH4 reforming display a
highly transient behavior in the generation of H2 and, or, CO, which
originates from the change in equilibrium oxygen partial pressure
(pO2,eq) with δ [101–105]. This is not the case when the metal oxide
used as the oxygen carrier undergoes a bulk phase transition at a con-
stant pO2,eq, such as the La0.85Sr0.15Fe0.95Al0.05O3-δ investigated in this
work. Upon undergoing a bulk phase transition, a much greater amount
of lattice oxygen can be utilized – often an order of magnitude higher
compared to materials that supply only non-stoichiometric lattice
oxygen that is associated with a change in δ [106,107]. Different from
monometallic Fe2O3 that reduces in several steps (Fe2O3 → Fe3O4 →
FeO → Fe; each phase transition is linked with a different pO2,eq and
different reaction products), Fe in a perovskite or brownmillerite en-
vironment (e.g. LaFeO3, SrFeO3 [108] or Ca2Fe2O5 [95]) reduces to
metallic Fe in a single step after non-stoichiometric lattice oxygen from
the parent perovskite has been removed. Thus, thermodynamically a
constant selectivity towards the partial oxidation products is ensured.
Further, Fe2O3 requires an inert support material for structural stabi-
lization against sintering [71,109,110], whereas the Fe contained in the
perovskite is inherently stabilized through the other components in an
orderly environment [111].

Fig. 7. (a) Measured gas concentrations of every 500th redox cycle plotted as a function of redox cycle time using the PBR with oxygen carrier particles (355–500 μm)
mixed with SiC. The grey arrow indicates increasing cycle number. (b) Conversion of CH4, ratio of H2/CO and average conversion of the oxygen carrier as a function
of cycle number. The horizontal green dashed line indicates the theoretical conversion of the oxygen carrier in one redox cycle assuming all CH4 is partially oxidized
to H2 and CO. (c) Ratio of H2/CO over an entire redox cycle, selectivity towards CO and selectivity towards CO2 as a function of cycle number. (d) Measured gas
concentrations of CO and CO2 plotted as a function of time. The last three redox cycles of the 45-day experiments. Measurements over 2.78 h and 11.67 h were
removed from the plot to improve clarity. (e) XRD patterns of the oxygen carrier retrieved from the 45-day experiment and after an additional cycling experiment at
900 °C shown in (f). The red rectangle indicates the position of a reflection due to Fe3O4. Reference pattern for Fe3O4 and Fe2O3 were scaled to their reported
intensities to ease comparison with the measurements. (f) Normalized sample mass and temperature of the oxygen carrier retrieved from the 45-day experiment, as
measured in the TGA over 3 redox cycles (Reduction in 6.7 vol.% CH4/N2, oxidation in 83.3 vol.% air/N2) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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The chemical and physical properties of La0.85Sr0.15Fe0.95Al0.05O3-δ
offer various interesting process configurations (Fig. 8) that can employ
either packed bed or (circulating) fluidized bed reactors. Fluidized beds
potentially allow for a uniform reduction of the oxygen carrier such that
carbon deposition can be avoided through control of the reduction time
(and thus the degree of reduction). Upon oxidation with H2O, H2 free of
carbon contaminants (COx) can be produced.

3.4.1. Configuration 1 for synthesis gas / CO / H2

The entire two-step process aims at producing synthesis gas without
CO2 contamination. In the reduction step, CH4 is converted into
synthesis gas. In the oxidation step, CO and, or, H2 are produced. The
ratio of H2/CO can be adjusted through the choice of the oxidant, CO2,
H2O or both (from 1:1 to 3:1) and thus be made suitable for different
downstream conversion processes. If carbon deposition occurs during
reduction, these carbon deposits are gasified with CO2 and, or, H2O, in
the oxidation step, so that the net effect over an entire reaction cycle is
the same as if no carbon deposition had happened. The process also
allows for removing separately the product gases produced in the re-
spective reduction and oxidation steps, i.e. synthesis gas (reduction
step), and CO or H2 or synthesis gas (oxidation step). Nearly pure CO
can readily be produced from the splitting of CO2, whereas the purity of
the H2 (when using H2O as the oxidant) depends on the amount of
carbon deposited in the previous reduction step. The simultaneous ga-
sification of carbon deposits when using CO2 in the oxidation step en-
ables its full conversion, whereas in the absence of carbon deposits, the
conversion of CO2 is ∼ 97 % in a mixed reactor (Fig. 5d). The exo-
thermicity of the oxidation step is lowered according to the extent of
the carbon deposition/gasification. There is no need for a separate
supply of air or O2 in this process configuration. Heat integration is
problematic owing to the strongly endothermic reduction reaction, si-
milar to the DRM and SRM reactions. Recent works have demonstrated
the potential of solar reactors as means to supply thermal energy and
replace fossil fuel combustion [112,113].

3.4.2. Configuration 2 for synthesis gas (flexible ratio H2/CO) with CO2

and heat
Through altering the composition of the oxygen carrier, its oxygen

transfer properties can be adjusted: Increasing the substitution of La3+

by Sr2+ increases the oxidation state of the Fe and so enables for a
higher oxygen storage capacity selective for the exothermic total oxi-
dation of CH4 [63]. In the reduction step, synthesis gas containing CO2

is produced, which may be desirable for methanol production using
commercial Cu/ZnO/Al2O3 catalysts [114–116]. In the oxidation re-
action with CO and, or, H2, the ratio of H2/CO is adjusted to match the
requirements of the synthesis gas for further processing. A third reac-
tion step with air regenerates the oxygen carrier and produces heat that
can be utilized within the process.

3.4.3. Configuration 3 for synthesis gas (fixed ratio H2/CO) with CO2 and
heat

In a two-step process, the reduction with CH4 produces synthesis gas
with a ratio of H2/CO ≈ 2 and small amounts of CO2. The oxidation
step is performed with air, thereby producing heat that can be utilized
to drive the endothermic reduction. The entire redox cycle is exo-
thermic and would thus permit autothermal operation. The extent of
reduction of the oxygen carrier should be limited to avoid (i) excessive
sintering during its re-oxidation, and (ii) the oxidation of carbon de-
posits, which would be released to the atmosphere with the air stream.

4. Conclusions

In our work we highlight the potential of LaFeO3-based oxygen
carriers, specifically La0.85Sr0.15Fe0.95Al0.05O3-δ, for the partial oxida-
tion of CH4 to synthesis gas and the splitting of CO2 and H2O to CO and
H2, respectively. The oxygen carrier was investigated in depth and its
cyclic redox performance assessed in different types of reactors. The
oxygen carrier underwent a bulk phase transition in a single, extended
step, which ensured a high selectivity towards the partial oxidation
products and a high oxygen storage capacity of ∼ 9wt%. We demon-
strate that over a period of more than 45 days (≈ 4050 redox cycles),
CH4 and CO2, two greenhouse gases, were converted completely into
synthesis gas with a ratio of H2/CO ≈ 1 in a packed bed reactor; higher
H2/CO ratios up to 3 are feasible if H2O is used as the oxidant instead of
CO2. This has been the longest continuous operation of an oxygen
carrier at high temperature in the area of chemical looping thus far.
Results of preliminary experiments performed at 10 bar suggest that the
partial oxidation and splitting reactions are feasible also at elevated
pressure and yield similar conversions and selectivities.

The compositional flexibility of the oxygen carrier offers potential
for further material optimization. Avoiding carbon deposition will not
be possible if metallic Fe forms during the reduction reaction owing to
its catalytic promotion of the decomposition of CH4. Important will be
the successful operation at high pressure (up to 50 bar) such that the
oxygen carrier-mediated “reforming” of CH4 can become a serious al-
ternative to established industrial processes [117].
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