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redox reactivity of lanthanum
modified iron-based oxygen carriers in carbon
monoxide chemical looping combustion

Lang Qin, †a Mengqing Guo,†a Zhuo Cheng,†a Mingyuan Xu,a Yan Liu,a Dikai Xu,a

Jonathan A. Fanb and Liang-Shih Fan *a

Chemical looping combustion (CLC) technology converts fuel into heat or electricity with complete

CO2 capture and does not require air separation units. CLC is realized through redox reactions of

gas or solid fuels with oxygen carriers at high temperatures. The oxygen carriers are required to

have high reactivity and recyclability with low cost. In this work, we use a low concentration of the

lanthanum dopant to dramatically change the reactivity of oxygen carriers in CLC with CO fuel.

Lanthanum is a rare earth element and is chosen because of its high catalytic activity. It is found that

the conversion rates of lanthanum-doped oxygen carriers are universally higher than those of

undoped iron oxide oxygen carriers from 550 �C to 780 �C. The reactivity increases significantly in

doped oxygen carriers at these temperatures favourable for CLC and decreases in these carriers at

temperatures above approximately 800 �C due to enhanced sintering. Density functional theory

(DFT) is used to calculate the surface configuration and energy barriers in CLC reactions and shows

dramatically reduced energy barriers in lanthanum-doped iron oxide reactions with CO and oxygen

carrier regeneration. This methodology provides substantial reactivity improvements of CLC with

oxygen carriers that are relatively simple to fabricate, and it will have an impact on chemical looping

particle design and modification.
Introduction

Cyclic redox reactions have a variety of applications in clean
energy such as photocatalysis, batteries, fuel cells, and chemical
looping processes.1 In a chemical looping combustion (CLC)
system, metal oxides react with gas or solid fuels in a reducer
and regenerate in an oxidizer. The cycling of these processes
can produce heat or electricity with a CO2 stream that does not
contain any nitrogen. This pure CO2 stream is easy to capture,
pressurize, store, and transport. In the conversion of carbona-
ceous fuels using the CLC technology, CO is produced in the
process as an intermediate species. Thus, the reaction between
the oxygen carriers and CO is vitally important for the full
conversion of the fuel. Consequently, CLC is highly efficient and
economical for CO2 capture, making it one of the most prom-
ising technologies in the clean energy industry.2 The application
of CLC can successfully eliminate the cost of additional energy
required by other technologies for carbon dioxide separation
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processing. Moreover, NOx formation in CLC is minimal, which
prevents combustion-induced acid rain or smog.3

Oxygen carriers in the CLC process are required to have high
reactivity and recyclability, along with low cost and high
stability at high temperatures.4 Iron oxides with suitable
modication have been singled out as one of the most prom-
ising oxygen carriers that meet all of these requirements.
Intensive efforts have been put into the research and modi-
cation of these active oxygen carriers to further enhance their
reduction and regeneration reactivity. One strategy has been to
introduce a low concentration of catalytic dopants into active
oxygen carrier hosts, with the objective of promoting ionic
adsorption and diffusion in redox reactions without a reduction
in their oxygen carrying capacity.5

A number of groups have studied the modication of reac-
tive and support materials in oxygen carriers, for the purposes
of increasing recyclability and reactivity.6–8 Mohamed et al.9

demonstrated that the CO conversion rate increases with the
addition of 2–10% Ce in a NiO oxygen carrier. Liu et al.10 found
that a 5% doping level of an alkali metal in an Fe2O3/Al2O3

composite stabilizes the reactivity of the oxygen carrier over the
course of 50 redox cycles and prevents Fe–Al phase separation in
the composite. Wang et al.11 investigated 8% Zr-doped Cu-based
oxygen carriers for oxyfuel combustion using an O2–CO2 mixed
gas to effectively capture CO2 with high concentrations. The
J. Mater. Chem. A, 2017, 5, 20153–20160 | 20153
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combination of density functional theory (DFT) calculations
and experiments proved that the addition of Zr increased the
oxygen release capability of oxygen carriers with improved
cycling stability. Imtiaz et al.12 demonstrated that 40–50%
CeO2�x-stabilized CuO oxygen carriers had increased oxygen
capacity, coke resistance, and redox stability. Generally, alkali
earth metals, transitionmetals, and rare earth metals have been
screened as modifying materials at high concentrations (10–
50%) in perovskite materials.13,14 Thesemodications can either
change the lattice parameters or crystal phases, impacting the
oxygen carrying capacity and reactivity during chemical looping
reactions.

The study of low dopant concentrations that do not modify
the crystal phases of iron oxide oxygen carriers is of signicant
importance in maintaining high oxygen capacity with low cost.5

However, it is a major challenge to effectively utilize dopants at
low concentrations, and it requires a profound understanding
of the structure–property relationship of doped oxygen carriers.
Ab initio DFT+U calculations can complement experimental
mechanistic studies and provide valuable information on the
structure of the active sites and the energy of adsorbed species
interacting with the surfaces.15,16 In addition, detailed reaction
pathways can be derived and characterized by the energy prole
of the constituent elementary steps. To the best of our knowl-
edge, using various types of metal oxide modiers, serving as
dopants, promoters or enhancers at very low concentration
relative to the total metal oxide oxygen carriers (e.g., <1%)
without yielding phase modication, to reduce the energy
barrier of carbonaceous feedstock activation on metal oxide
materials during the redox process and hence augmentation of
the carbonaceous feedstock conversion was rst initiated by
Qin et al.5,17,18 In the work of Qin et al.,5,17 the 1% isovalent
dopant, i.e., La, and in the work of Qin et al.,18 the 2% or lower
(e.g., 0.5%) aliovalent dopants (e.g., Ni) promoted reactivity of
carbonaceous fuels with oxygen carriers were used to demon-
strate the effectiveness of low dopant concentration in the
enhancement of fuel conversion. No work has been conducted
to date on the effect of very low concentration dopants on the
adsorption of CO alone and its corresponding oxidation
mechanism. The lack of the knowledge of the low concentration
dopant effects is hampering the design and development of
effective oxygen carriers of low costs.

In this work, we comprehensively investigate the CO reac-
tivity and regeneration reactivity of low concentration La-doped
Fe2O3 oxygen carriers in a wide CLC temperature window. La2O3

has been shown previously to be an effective catalyst for the
oxidative coupling of methane (OCM)19 and CO oxidation.20 The
optimal conguration of La dopants at the oxygen carrier
surface enables the dopant to actively provide extra reaction
sites, as well as lower reaction energy barriers for both CO
combustion and oxygen carrier regeneration. The active sites in
turn will dramatically increase the reactivity at working CLC
temperatures. This work will provide insights into effective
oxygen carrier design and modication, and the proposed
doped oxygen carriers will enable the lowering of CLC operation
temperatures.
20154 | J. Mater. Chem. A, 2017, 5, 20153–20160
Experimental
Sample preparation

La-Doped Fe2O3 was made from La2O3 (99% purity) and Fe2O3

powders (99.99+% purity), both were purchased from Fisher
Scientic. Fe2O3 powder was mixed by ball milling for 24 hours
at room temperature with 0.5%, 1%, or 2% La2O3 dopant
powders. The mixed powders were uniaxially pressed into
a pellet with a diameter of 8 mm and a thickness of 2–3 mm.
The top surfaces were perpendicular to the pressing direction
and parallel to the die surfaces. The samples were heat treated
in air at 110 �C for 2 hours to remove volatile impurities using
a 2 �C minute�1 heating rate and then sintered at 1300 �C for 2
hours using 2 �C minute�1 heating and 2 �C minute�1 cooling
rates, respectively. As a reference, an undoped Fe2O3 powder
was subject to the same treatment as that of the La-doped
samples.
TGA operation

Pellet samples weighing approximately 30 mg were mounted in
an alumina crucible, and continuous reduction–regeneration
cycles were conducted at six different temperatures between
550 �C and 800 �C using a Setaram SETSYS Evolution Ther-
mogravimetric Analyzer (TGA). The reduction step was per-
formed using a 200mLminute�1

ow of gas containing 20%CO
balanced with N2. The regeneration step was performed using
a 320 mL minute�1

ow of gas consisting of 50% air balanced
with N2. The reduction and regeneration steps lasted for 15
minutes each and were alternated with an intermediate 5
minute ushing step using N2 at 160 mL minute�1.
Characterization

The samples were analyzed using a Rigaku SmartLab X-ray
Diffractometer (XRD) with a monochromator to eliminate
uorescence generated by iron. Scans were performed at 30–80
degrees at a rate of 0.1 degree per minute with an accelerating
voltage and lament current of 40 kV and 44 mA, respectively.
All the XRD spectra were analyzed using PDXL soware and
identied with the JCPDS database. Scanning electron micro-
scope images were obtained with a 20 kV and 43 pA electron
beam. A Kratos Axis Ultra DLD spectrometer was used to obtain
X-ray photoelectron (XPS) spectra. Mg Ka monochromatic X-ray
radiation (1253.8 eV) was applied to ensure the optimal peak
intensity of La. The spectra were collected at room temperature.
Binding energy (B.E.) values were referenced to the standard C
1s binding energy of 284.8 eV. The CasaXPS program was used
for data analysis. A Shirley-type background and Lorentzian–
Gaussian combination were used for data processing. The spin–
orbit splitting in the La 3d region gives rise to a doublet with
3d5/2 and 3d3/2. The area ratio for the two spin–orbit peaks is
3 : 2.
Theory

All calculations were performed within the framework of
density functional theory (DFT), as implemented in the Vienna
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD spectra of (a) Fe2O3, (b) 0.5% La-doped Fe2O3, (c) 1% La-
doped Fe2O3 and (d) 2% La-doped Fe2O3.
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ab initio simulation package (VASP).21–23 The generalized
gradient approximation of Perdew, Burke and Ernzerhof was
used to represent the exchange–correlation energy.24 The
projector-augmented wave (PAW) method, with a 400 eV energy
cutoff, was used to describe the wave functions of the atomic
cores. The 8 � 8 � 1 Monkhorst–Pack k-point mesh was used
for surface calculations to obtain results that were converged
within 1 � 10�5 eV, using the conjugate gradient method. To
study the effect of incorporating La, a single Fe atom was
replaced by a La atom in hexagonal unit cells of 240 atoms (2 �
4 � 1 supercell). The La/Fe ratio corresponds to 1/96, thus
mimicking 1% La concentration.

The adsorption energies (Ead) were calculated by the
following equation:

Ead ¼ (Esur + ECO) � Esystem

where Esur, ECO and Esystem are the energies of the clean surface,
the isolated CO molecule and the adsorption system,
respectively.

For CO activation barrier calculations, the climbing-image
nudged elastic band (CI-NEB) method was used. This method
enabled the stationary points to be mapped out along the
minimum energy paths and identied transition states for each
of the diffusion processes. Because these paths were directed by
force projection, the energy was not necessarily consistent with
the force being optimized; thus, a force-based optimizer was
chosen to ensure the convergence of the nudged elastic band
algorithm.

Due to the valence electrons of Fe (4s, 3d), O (2s, 2p), C (2s,
2p), and H (1s) states, the Hubbard U approach is used to
correct self-interaction errors of a-Fe2O3. The increase of U from
1 eV to 4 eV results in improved values for magnetic moments
and the band gap, as well as better agreement with the density
of states by experimental inverse photoemission spectra. A
further increase in U cannot achieve a better agreement. In
addition, the band gap becomes too large and occupied Fe 3d
states are shied to unacceptably low energies, i.e., U > 4.2 eV.
Therefore, we choose U ¼ 4 eV to describe the energy required
for adding an extra d electron to an Fe atom.
Results and discussion

The impact of the La dopant on crystal phase modication was
studied by XRD. Fig. 1 shows the XRD patterns of rhombohedral
Fe2O3 (Fig. 1(a)) and 0.5%, 1%, and 2% La-doped Fe2O3

(Fig. 1(b) and (c)). No phase of La2O3 was detected in all doped
samples, indicating complete solid-state reactions between
La2O3 and Fe2O3. On the other hand, the impurity phase LaFeO3

is formed in 2% La-doped Fe2O3. This suggests that at
concentrations less than 2%, La is completely incorporated into
Fe2O3 unit cells. To simplify a model for theoretical study, we
choose 1% La-doped Fe2O3 for CLC reactions in this work.

Chemical surface modications mediated by the La dopant
is analysed by XPS through surface species analysis. As
a comparison, the XPS spectra for La and O in undoped and
doped Fe2O3 are shown in Fig. 2. We note that the Fe spectra are
This journal is © The Royal Society of Chemistry 2017
not discussed in this work because a Mg source is used for
optimal La spectra detection. The LMM spectra from the Mg
source coincidentally overlap with the Fe 2p spectra, which
impacts the accuracy of Fe analysis. As expected, no La was
detected on the surface of undoped iron oxide (Fig. 2(a)). In La-
doped Fe2O3, the La 3d region has well-separated spin–orbit
components. In this case, the La 3d spectrum has four visible
components.25 As shown in Fig. 2(b), The binding energy values
of La 3d3/2 and La 3d5/2 (the spin–orbit splitting of La was 16.8
eV) were 834.7 eV and 838.1 eV, respectively, which represent
La–O1 and La–O2 bonds on the surface. Fig. 2(c) and (d) show
the O 1s spectra of undoped and La-doped Fe2O3, respectively.
The O 1s peak of undoped iron oxide suggests two species on
the pellet surface: Fe–O bond and hydroxyl groups, as illustrated
by peaks at 529.6 eV and 532.0 eV, respectively. The latter is
unavoidable on the outermost surface of metal oxides.26 In the
La-doped sample, three peaks are exhibited at 529.6 eV, 531.1 eV
and 532.0 eV, which can be ascribed to an Fe–O bond, La–O
bond, and hydroxyl group, respectively. The concentrations of
La and O species on the surfaces of undoped iron oxide and La-
doped iron oxide are displayed in Table 1. The La/O ratio is
0.054 from XPS detection on the surface of 1% La-doped Fe2O3,
which is approximately 8 times higher than the theoretical value
of 0.0067 for bulk materials. The higher concentration of La on
the surface indicates that La atoms have a tendency to accu-
mulate at surfaces, rather than in the bulk material. This is
advantageous in cyclic reactions, as the efficiency of active La
sites remains high on the surface.

TGA analysis shows that La-doped Fe2O3 has dramatically
enhanced conversion rates in CO reduction and oxygen carrier
regeneration compared to undoped Fe2O3. Fig. 3 shows typical
oxygen carrier conversion rates in 10 continuous reduction
and regeneration cycles. The reduction and oxidation reac-
tivity universally increases in both Fe2O3 and 1% La-doped
Fe2O3 oxygen carriers between 550 �C and 750 �C, as illus-
trated in Fig. 3(a). At 700 �C, the CO reduction conversion rate
is maximized in 1% La-doped Fe2O3 and is 233% higher than
J. Mater. Chem. A, 2017, 5, 20153–20160 | 20155
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Fig. 2 XPS La 3d spectra of (a) undoped Fe2O3 and (b) 1% La-doped Fe2O3. O 1s spectra of (c) undoped Fe2O3 and (d) 1% La-doped Fe2O3.
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that of undoped Fe2O3. However, the reduction conversion
rates of La-doped Fe2O3 oxygen carriers are lower than that of
undoped oxygen carriers at 800 �C. As one can observe in
Fig. 5, the surface of La-doped Fe2O3 has a less porous surface
compared to undoped Fe2O3 at this higher temperature,
indicating that the concentration of La is higher than 5% at
the surface and the dopant serves as a sintering aid.27 This
explains the deteriorated reactivity of La-doped Fe2O3 at
temperatures of 800 �C and above. The oxidation conversion
rates of reduced oxygen carriers are also shown in Fig. 3(b),
which represents the regeneration capability of oxygen
carriers. With the same trend as that of the reduction reac-
tions, reduced 1% La-doped Fe2O3 has more than two times
higher conversion rates than Fe2O3 between 600 �C and
Table 1 The distribution of different La or O species in Fe2O3 and La-do

Sample

O 1s

O–H O–La

Fe2O3 63.15% —
1% La-doped Fe2O3 18.34% 20.02%

20156 | J. Mater. Chem. A, 2017, 5, 20153–20160
750 �C, with the maximal difference of 266% occurring at
700 �C. Similar to CO reduction, the oxygen regeneration
conversion rates are lower in La-doped oxygen carriers at
800 �C, compared to undoped oxygen carriers. The average
temperature dependent conversion rates are plotted in Fig. 4.
Overall, based on the plot, an increase in reactivity is predicted
to occur between 550 �C and 780 �C.

The recyclability of the oxygen carriers is also revealed from
Fig. 3, and we can conclude that La-doped Fe2O3 has substan-
tially better recyclability between 550 �C and 750 �C compared
to undoped Fe2O3. This observation is consistent with the
morphological evolution of Fe2O3 and 1% La-doped Fe2O3,
which are imaged by SEM in Fig. 5(a) and (b). The average grain
sizes in Fe2O3 and 1% La-doped Fe2O3 are 10 mm and 4 mm,
ped Fe2O3

La 3d

La/OO–Fe La–O1 La–O2

36.85% — — —
61.64% 50.47% 49.53% 0.054

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic oxygen carrier conversion rate at 550–800 �C of (a) reduction and (b) oxidation regeneration.

Fig. 4 Average conversion–temperature relationship of doped and
undoped iron oxide oxygen carriers.
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respectively. The shrinkage of grain sizes in 1% La-doped Fe2O3

carriers is due to the fact that La3+ ions have a tendency to
localize at grain boundaries, which inhibits grain growth.28

Aer cyclic reduction reactions with CO, both undoped and La-
doped Fe2O3 particles possess a porous surface. These pores are
formed due to the outward diffusion of oxygen.1,29 Unlike alio-
valent dopants that can create defects and promote ionic
conductivity, La3+ is an isovalent dopant to Fe3+, meaning that
the La dopant cannot promote the formation of a defective
surface in Fe2O3. In Fig. 5, we can also compare the surface
morphology of undoped and doped Fe2O3 oxygen carriers
before and aer cyclic reactions. Clearly, the addition of La
dopants decreases the grain size of Fe2O3, which in turn
increases the surface area and promotes the reactivity and
recyclability of the oxygen carriers. At lower temperatures in the
550–780 �C range, sintering promoted by La dopants only plays
a minor role; thus the La-doped Fe2O3 demonstrates stable
recyclability during the redox reactions. In contrast, at a higher
This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 20153–20160 | 20157
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Fig. 5 SEM images of (a) initial Fe2O3 microparticles, (b) initial La-
doped Fe2O3 microparticles, (c) reduced Fe2O3 microparticles after
cyclic redox reactions at 800 �C, and (d) reduced La-doped Fe2O3

microparticles after cyclic redox reactions at 800 �C.
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temperature of 800 �C and above, the CO reduction rate of La-
doped iron oxide is lower than that of undoped iron oxide,
indicating the La-dopant promoted sintering plays a major role
at higher temperatures.

To gain mechanistic insight into the role of low La-dopant
concentrations in the reactivity of Fe2O3 for CO conversion,
we rst studied CO adsorption on a La-doped Fe2O3 surface
using DFT calculations. We model the surface using an Fe2O3

(001) slab because the Fe2O3 (001) surface orientation is domi-
nant, as shown in X-ray photoelectron diffraction studies.30

Along the axis normal to the surface, the stacking sequence of
hexagonal iron and lattice oxygen layers can be described as
/Fe(1)–Fe(2)–O3–Fe(1)–Fe(2)–O3/. The Fe layer forms
a ð ffiffiffi

3
p � ffiffiffi

3
p Þ R30� structure with respect to the close-packed
Fig. 6 CO adsorption configurations on a 1% La doped a-Fe2O3 (001) surf
closest surface atom are indicated.

20158 | J. Mater. Chem. A, 2017, 5, 20153–20160
lattice oxygen layer, leading to an Fe–Fe distance of 5.035 Å,
which is the lattice constant of the Fe2O3 unit cell.

Based on surface free energy calculations for the Fe2O3 (001)
surface with various termination types, we found that the Fe(2)–
O3–Fe(1)–Fe(2)–O3–Fe(1)/ termination is the most stable at
700 �C.31 Therefore, substitutions weremade at the slab with the
Fe(2)–O3–Fe(1)–Fe(2)–O3–Fe(1)/ termination. Using the rst O3

layer as the reference layer s, we replaced Fe(2) at the s + 1 layer
with one La atom to build the doping system La–O3–Fe(1)–
Fe(2)/. We then further used one La atom to replace Fe(1) at the
s � 1 layer to build La–O3–La–Fe(2)/ or Fe(2) at the s � 2 layer to
build La–O3–Fe(1)–La/. It was found that the surface free
energy of La–O3–Fe(1)–Fe(2)/ is 1.39 J m�2, which is 0.54 J m�2

lower than the surface free energies of La–O3–La–Fe(2)/, and
0.68 J m�2 lower than the surface free energies of La–O3–Fe(1)–
La/. Therefore, La–O3–Fe(1)–Fe(2)/ is the dominant termina-
tion, which indicates that the La dopant prefers to migrate to
the outermost layer of the iron oxide surface and that La dopant
aggregation is not favorable.

CO adsorption on the a-Fe2O3 (001) surface with the La–O3–

Fe(1)–Fe(2)/ termination is done by considering ve congura-
tions of the CO molecule on the surface: the top site of the
doped La atom (La atop); the top site of Fe(1) in the s + 1 layer (Fe
atop); the top site of O in the s layer (O atop); the La–O bridging
site (La–O bridge); and the Fe(2)–O bridging site (Fe–O bridge).
These adsorption congurations are modeled, optimized and
calculated.

In the “La atop” adsorption conguration (Fig. 6(a)), the CO
molecule is perpendicularly chemisorbed on the surface, where
the C atom of CO is bonded to the La atom with a distance of
1.926 Å. In this case, the C–O bond of CO is activated and
lengthened, which is 1.148 Å in length and longer than that of
CO in the gas phase (1.128 Å). In the “Fe atop” adsorption
conguration where Fe(2) is close to the La atom (Fig. 6(b)), the
CO molecule also prefers to be perpendicularly chemisorbed,
ace. The CO bond length and the distance between the C atom and the

This journal is © The Royal Society of Chemistry 2017
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Table 2 Representative structural parameters and energies of
adsorption for a CO molecule adsorbed at various sites on the 1% La
doped a-Fe2O3 (001) surface

Adsorption site La atop Fe atop
O atop
site

La–O
bridge

Fe–O
bridge

Adsorption energy
Ead (eV)

0.872 0.785 0.155 0.532 0.465

C–O bond length (Å) 1.148 1.142 1.133 1.336 1.337
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with a C–Fe distance of 2.015 Å and a C–O bond length of
1.142 Å.

Vertical adsorption at the “Fe–O bridge” site is less ener-
getically favorable (Eads ¼ 0.465 eV) than for the “La–O bridge”
site (Eads ¼ 0.532 eV). However, for the “O atop” site, the
adsorption conguration is unstable since the CO molecule
remains nearly physically unchanged upon adsorption and the
distance between CO and the surface O is more than 2 Å, which
is too far to form a new C–O bond (Fig. 6(c)). We also considered
the hollow site adsorption and found that the CO molecule will
be parallel to the surface without chemical bond formation aer
optimization (Fig. 6(d)). Overall, our calculations (Table 2)
indicate that among the examined sites, only the “La atop” and
“Fe atop” sites with neighboring La atoms are favorable for CO
adsorption on the a-Fe2O3 (001) surface.

To take into consideration realistic experimental conditions
(700 �C for CO oxidation), the effect of the temperature T is
included by explicitly taking into account the surrounding gas
phase in terms of ab initio atomistic thermodynamics. We
previously developed a modied Brønsted–Evans–Polanyi rela-
tionship to calculate the activation energy for the elementary
steps of metathesis reactions.32 Here, we used this method to
Fig. 7 The energy profile of CO oxidation on a 1% La-doped Fe2O3 surf
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calculate the activation energy for CO oxidation on the 1% La-
doped Fe2O3 surface under chemical looping conditions.

When CO is adsorbed to the “La atop” site of the 1% La-
doped a-Fe2O3 (001) surface, the La–O bond length (1.93 Å)
becomes a little longer than that of the clean surface (1.91 Å).
The CO oxidation process initiated from the “La atop” adsorp-
tion conguration is depicted in Fig. 7. The C atom moves
toward the saturated surface O atom neighboring the La
dopant, and then pulls it out of the surface to form a new C–O
bond. During this process, the O–La bond breaks with a barrier
of 0.69 eV, which leads to CO2 formation. When CO adsorbs to
the “Fe atop” site, the oxidation involves an initial CO diffusion
to form an unsymmetric bridged carbonate species. Then, the
bidentate carbonate species is released from the surface and is
accompanied by the formation of CO2. The calculated barrier
for this step is 1.035 eV. We see in the plot that 1% La reduces
the energy barrier for CO oxidation on iron oxide to only 0.69 eV
by the “La atop” pathway and 1.035 eV by the “Fe atop” pathway,
compared to the 1.95 eV barrier from pristine Fe2O3.5

More generally, La-doped iron oxide oxygen carriers
enhanced CO oxidation for differing reduction states of the iron
oxide. Our experiments were carried out with a conversion of
approximately 30% to avoid carbon deposition, which indicates
that the iron oxides in our system only included Fe2O3, Fe3O4,
and FeO phases. We further examined the effects of 1% La
doping on Fe3O4 and FeO reactivity. 1% La–Fe3O4 has a cubic
inverse spinel structure with a lattice constant of 8.402 Å (8.396
Å for Fe3O4). The O anions form a close-packed face-centered
cubic (fcc) structure with Fe2+ and Fe3+ ions located in the
interstitial sites. Based on this model, we calculated the CO
activation energy and found that the barrier is 0.92 eV lower
than that on undoped Fe3O4. Also, the barrier of CO oxidation
on FeO is 0.85 eV lower than that on the undoped surface.
ace.
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Therefore, the 1% La dopant signicantly reduced the barrier of
CO oxidation on iron oxide oxygen carriers, which agrees with
the reactivity improvement observed in our TGA experiments.

Conclusions

Very low concentration of isovalent (e.g., La) and aliovalent (e.g.,
Ni) metal oxide dopants to reduce the energy barrier of carbo-
naceous feedstock activation on metal oxide materials during
the redox process and hence augmentation of the carbonaceous
feedstock conversion was rst initiated by Qin et al.5,17,18 In this
study, low concentrations (1%) of lanthanum dopants in Fe2O3

oxygen carriers is found to dramatically promote CO reactivity,
as well as oxygen carrier regeneration activity, while improving
the recyclability of iron-based oxygen carriers. It is found that
the reactivity of La-doped oxygen carriers is higher than that of
undoped iron oxide oxygen carriers between 550 �C and 780 �C.
The maximum reactivity increase happens at 700 �C, where the
CO combustion reactivity increases by 233% and the air
regeneration reactivity increases by 266%. The mechanism for
the enhancement in La dopant-based reactivity stems from the
ability of the La dopants to lower the barriers of the C–O bond
activation during metal oxide redox reactions with CO. Our
ndings show how a dramatic modication in metal oxide
oxygen carrier properties can be made using a relatively simple
fabrication process, and we anticipate that this will impact
future chemical looping particle design.
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