
α‑Fe2O3 Nanoparticles as Oxygen Carriers for Chemical Looping
Combustion: An Integrated Materials Characterization Approach to
Understanding Oxygen Carrier Performance, Reduction Mechanism,
and Particle Size Effects
Hayder A. Alalwan,†,‡ Sara E. Mason,§ Vicki H. Grassian,*,†,§,∥ and David M. Cwiertny*,†,⊥

†Department of Chemical and Biochemical Engineering, University of Iowa, Iowa City, Iowa 52242, United States
‡Kut Technical Institute, Middle Technical University, Kut, Wasit, Iraq
§Department of Chemistry, University of Iowa, Iowa City, Iowa 52242, United States
∥Departments of Chemistry and Biochemistry, Nanoengineering, and Scripps Institution of Oceanography, University of California
San Diego, La Jolla, California 92093, United States
⊥Department of Civil and Environmental Engineering, University of Iowa, Iowa City, Iowa 52242, United States

*S Supporting Information

ABSTRACT: Through continuous flow reactor experiments, materials characterization, and theoretical calculations, we
provide new insights into the reduction of hematite (α-Fe2O3) nanoparticles by methane (CH4) during chemical looping
combustion (CLC). Across CLC-relevant temperatures (500−800 °C) and gas flow rates (2.5−250 h−1), decreasing α-Fe2O3
particle size (from 350 to 3 nm) increased the duration over which CH4 was completely converted to CO2 (i.e., 100% yield).
We attribute this size-dependent performance trend to the greater availability of lattice oxygen atoms in the near-surface region
of smaller particles with higher surface area-to-volume ratios. All particle sizes then exhibited a relatively rapid rate of reactivity
loss that was size- and temperature-independent, reflecting a greater role for magnetite (Fe3O4), the primary α-Fe2O3 reduction
product, in CH4 oxidation. Bulk (X-ray diffraction, XRD) and surface (X-ray photoelectron spectroscopy, XPS) analysis
revealed that oxygen carrier reduction proceeds via a two-stage solid-state mechanism; α-Fe2O3 reduction to Fe3O4 followed the
unreacted shrinking core model (USCM) while subsequent reduction of Fe3O4 to wüstite (FeO) and FeO to iron metal (Fe)
followed the nucleation and nuclei growth model (NNGM). Atomistic thermodynamics modeling based on density functional
theory supports that reduction initiates via the USCM, as partially reduced α-Fe2O3 surfaces exhibited a wide range of stability
relative to bulk Fe3O4. Reduction and reoxidation cycling experiments were also performed to explore more practical aspects
related to the long-term performance of unsupported α-Fe2O3 nanoparticles as oxygen carriers for CLC.

1. INTRODUCTION

The combustion of natural gas and other fossil fuels is the main
source of greenhouse gases, which contribute to global
warming. Among those gases, CO2 has the highest impact on
the environment, and thus, approaches to minimize its
formation and release are a priority.1 Chemical looping
combustion (CLC) is a promising indirect combustion process
that facilitates capture of CO2. CLC uses solid-state oxygen
carriers to combust hydrocarbon fuels, thereby avoiding direct
contact between the fuel and air and the associated formation
of unwanted combustion by-products (e.g., NOx).
Low in cost and naturally abundant, α-Fe2O3 is a promising

oxygen carrier not only for CLC2−6 but also for processes such
as chemical looping reforming (CLR) and syngas chemical
looping (SCL) gasification, all of which use two separate
reactors.7−9 One reactor is used to combust the hydrocarbon
fuel by utilizing the lattice oxygen of the oxygen carrier, while
the other reactor is used to regenerate the spent (i.e., reduced)
oxygen carrier via oxidation in air. For these processes, α-
Fe2O3 is especially desirable because it possesses the highest
theoretical oxygen capacity among transition metal oxides
commonly considered for CLC at 30.1% (wt),10 assuming

complete reduction to Fe via Fe3O4 and FeO (e.g., see
hematite stability diagram as a function of temperature and
oxygen pressure in the paper by Ketteler and co-workers11).
For CLC, the thermodynamically favorable reduction of α-

Fe2O3 to Fe3O4 results in the corresponding release of lattice
oxygen to drive the complete oxidation of CH4, which is the
primary component of natural gas (eq 1).10 The continued
reduction of Fe3O4 to FeO or metallic iron (Fe) is slower and
can lead to the partial oxidation of CH4, a process that yields
carbon monoxide (CO) and hydrogen gas (H2) as by-products
(eq 2).12−15

+ ↔ +CH 2O CO 2H O4 2 2 2 (1)

+ ↔ +CH 1/2O CO 2H4 2 2 (2)

The formation of CO and H2 are undesirable in CLC, which
aims to eliminate gaseous by-products so as to achieve a pure
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stream of CO2 that is easier for capture. In contrast, H2 is the
desired product in CLR and SCL.
α-Fe2O3 reduction has been described in the literature by

two general models: an unreacted shrinking core model
(USCM)16 and a nucleation and nuclei growth model
(NNGM)17,18 (Figure 1). According to the unreacted
shrinking core model, consumption of lattice oxygen from
the surface creates a layer of reduced metal/metal oxide that
gaseous reactants and products must then diffuse through for
sustained reactivity.19 As the reaction proceeds, this interface
between the outer reduced phase and the inner oxidized phase
migrates toward the core of the oxygen carrier particle. As
such, the heterogeneous reaction between CH4 and α-Fe2O3
proceeds via three steps, external mass transfer, internal mass
transfer, and chemical reaction (e.g., electron or oxygen
transfer), any of which may be rate limiting. Notably, Briggs
and Sacco20 concluded that the reduction mechanism is
partially controlled by the chemical reaction at the interface
and partially by gas transport through the solid product.
In contrast, the nucleation and nuclei growth model assumes

that the first step in the reduction reaction is nuclei formation
of the new reduced phase. Subsequently, the reaction
progresses more quickly with a random distribution of nuclei
or product phases due to oxygen vacancy formation, which
promotes the release of more bulk oxygen molecules.21 In our
previous study of the reduction of cobalt oxides by CH4,

22 we
observed evidence for such a mechanism; during reduction of
CoO, the formation of Co metal sped up the release of lattice
oxygen from CoO, a behavior we attributed to the oxygen
vacancies generated via CoO reduction (or Co metal
formation).22 Previously, some have suggested a similar
mechanism may be at play for α-Fe2O3 reduction. Monazam
and co-workers23,24 proposed a multistep mechanism for α-
Fe2O3 reduction to FeO, with the first step involving α-Fe2O3
reduction to Fe3O4 (by either H2 or CH4) via the USCM and
the second step involving the subsequent reduction of Fe3O4
to FeO via the NNGM.
Additionally, an important material property recognized to

influence the rate and mechanism of α-Fe2O3 reduction is
particle size.25 To date, however, particle size as a key
operational variable for the application of α-Fe2O3 as an
oxygen carrier has not been closely examined, especially for
nanoparticles with a primary particle size below 100 nm in
diameter. Recent investigations have revealed that using

nanoparticles instead of more conventional, larger millimeter-
or micrometer-sized particles may hold several advantages for
performance, including increasing reactivity, decreasing mass
resistance, and promoting heat transfer, which facilitates
oxygen carrier performance at lower temperatures.26−28 Most
previous studies have focused on α-Fe2O3 particle sizes ranging
from micrometers to millimeters and have found that
decreasing particle size leads to an increase in the rate of α-
Fe2O3 reduction and a decrease in the temperature required for
the reduction reaction to proceed.29,30 For example, Pang and
co-workers29 found that a decrease in α-Fe2O3 particle size
from ∼100 to 2 μm led to a reduction in the activation energy
necessary for α-Fe2O3 reduction by H2 from 78.3 to 36.9 kJ/
mol across a temperature range from 450 to 600 °C. These
results illustrate the promise of tailoring α-Fe2O3 particle size
to further improve process efficiency.
In this study, a set of unsupported α-Fe2O3 nanoparticles

(nominally 3, 50, and 350 nm in diameter) was used to explore
the influence of particle size on the reactivity of α-Fe2O3
toward CH4. While we acknowledge the practical concerns
associated with use of unsupported nanoparticles for CLC
(e.g., agglomeration), they represent the best option for
studying the inherent reactivity and solid-state reduction
mechanism of oxygen carriers without influence from the
underlying support material. Using a continuous flow reactor
with gas chromatography (GC) analysis, we report size-
dependent trends for the performance of α-Fe2O3 nano-
particles across a range of temperatures (500−800 °C) and
flow rates (2−40 standard cubic centimeters or sccm) relevant
to the CLC process. Through complementary measurements
of CH4 conversion efficiency, characterization of α-Fe2O3 bulk
and surface properties, and atomistic thermodynamics
modeling based on density functional theory, we also provide
an improved understanding of the solid-state reduction
mechanism of α-Fe2O3 by CH4. Collectively, our results
provide new insights that will help to establish the viability of
α-Fe2O3 nanoparticles as solid-state oxygen carriers while also
identifying the operational parameters optimal for their
performance in CLC.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Differently sized nanoparticles of

α-Fe2O3 were acquired from commercial vendors. Nominal vendor-
reported average particles sizes were 3 nm (Alfa Aesar, purity

Figure 1. Two proposed models for the reduction of α-Fe2O3 during CLC. These are (a) the unreacted shrinking core model (USCM) and (b) the
nucleation and nuclei growth model (NNGM).
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99.95%), 30−50 nm (Nanostructure & Amorphous Materials, purity
99%), and <1 μm (Sigma-Aldrich, purity 99+%). A mixture (P5 gas,
Praxair) of CH4 (5%) in balance with argon (95%) was used to
reduce the α-Fe2O3 oxygen carrier during CLC experiments, and
synthetic air (Praxair) was used during the preheating portion of our
protocol as well as in reoxidation of the oxygen carrier to test its
performance and stability through multiple cycles. High purity
nitrogen (Praxair, 99.9%) was used to flush the reactor of air prior
to the introduction of P5 to initiate the reaction.
2.2. Characterization of Oxygen Carriers. To evaluate changes

in the α-Fe2O3 structure and phase during the reduction process,
particles were examined before, during, and after reaction with CH4
using a suite of characterization techniques. X-ray diffraction (XRD,
Bruker D8 Advance 206112) analysis was used to identify the bulk
crystalline phase present before, during, and after reaction of α-Fe2O3
nanoparticles with CH4. X-ray photoelectron spectroscopy (XPS)
analysis provided information about how the surface composition of
particles evolved during the reaction. The surface analysis chamber of
the XPS instrument (Kratos Axis Ultra XPS) was equipped with an
aluminum Kα source with a 500 mm Rowland circle silicon single-
crystal monochromator that produces a monochromatic X-ray beam
of 1486.6 eV. The X-ray gun was operated using a 10 mA emission
current at an accelerating voltage of 15 kV. XPS spectra of α-Fe2O3
were calibrated using the adventitious C 1s peak at 285.0 eV. High-
resolution transmission electron microscopy (HRTEM, JEOL 2100F)
with an accelerating voltage of 200 kV was used to determine particle
size distributions of α-Fe2O3 samples by measuring at least 125
randomly chosen particles. HRTEM samples were prepared after
sonication of nanoparticle suspensions in water for 20 min at room
temperature. Scanning electron microscopy (SEM, Hitachi S-4800)
was used to examine the <1 μm sample, as the relatively large size of
the particles precluded HRTEM analysis. Samples were imaged on an
Au-coated silicon wafer, and the particle size distribution was once
again determined by measuring at least 125 randomly chosen particles
of this sample. The specific surface area of all unreacted (i.e., as-
received) samples was determined using the Brunauer−Emmett−
Teller (BET) adsorption isotherm method, in which particles were
first degassed for 3 h at 110 °C. A seven-point BET isotherm was used
to determine the specific surface area using N2 (g) as the adsorbate on
a Quantachrome Nova 4200e Surface Area and Pore Size Analyzer.
2.3. Reactor Operation and Effluent Gas Sampling. To

examine the performance of α-Fe2O3 as an oxygen carrier for CLC,
reactions with CH4 were conducted in a tube furnace (Thermolyne,
type 21100−15 in. long) fitted with a quartz tube reactor (3/8 in. in
diameter, and 18 in. long; see Figure S1 in the Supporting
Information). The reactor inlet was connected to a three-way valve,
which allowed control of the inlet gas composition. We previously
used this setup in an investigation of cobalt oxides as oxygen carriers
for CLC.22

Reactions between α-Fe2O3 and CH4 were investigated as a
function of gas hourly space velocity (GHSV) and temperature. Gases
were introduced into the reactor using mass flow controllers (MKS)
with a range up to 100 standard cubic centimeters per minute (sccm).
P5 gas was used at a flow rate between 2 and 40 sccm, and the typical
metal oxide loading in the reactor was one gram. These conditions
produced GHSV values between 12.5 and 250 h−1, where values were
calculated based on the volumetric CH4 flow rate normalized to the
reactor bed volume (i.e., the volume of α-Fe2O3). The reaction
temperatures investigated were in the range of 500−800 °C.
To initiate an experiment, the tube reactor was filled with α-Fe2O3

and then heated to the desired temperature under a stream of air or
nitrogen (60 sccm). When the desired temperature was achieved, the
air flow was stopped and N2 was introduced at the same flow rate for
5 min prior to introducing the P5 gas to eliminate the air from the
reactor. Upon introduction of P5, samples were taken periodically for
gas chromatography (GC) analysis to monitor the concentration of
CH4, CO2, and other potential reaction by-products (e.g., CO and
H2) in the reactor effluent. For sample collection, the reactor outlet
was connected to a three-way valve with one port sealed by septa,
from which a gas-tight needle (250 μL) was used to extract a sample

of the reaction gas products. Gas samples were collected every 5 min.
When samples of the reacted oxygen carrier were needed to examine
changes in morphology and composition along the reaction
coordinate, the reactor was cooled under an N2 stream, and the
samples were stored under vacuum until analysis. Each set of
experiments was conducted at least twice, and good reproducibility
was generally observed.

2.4. Long-Term α-Fe2O3 Performance through Simulated
CLC Cycling. The long-term performance of the three unsupported
α-Fe2O3 samples as oxygen carriers during CH4 oxidation was also
investigated. These stability experiments were conducted at a reaction
temperature of 600 °C and with P5 gas at a flow rate of 20 sccm
(GHSV = 125 h−1). These conditions were chosen because all
samples exhibited an initial reactivity of at least 90% conversion of
CH4 to CO2 that was sustained over the first 5 min of reactor
operation. After the first reaction step, which was conducted for 5
min, the oxygen carriers were processed via repeated oxidation (by
air) and reduction (by CH4) cycling to simulate their application in
CLC. This cycle involved reoxidation of reacted carriers by air at a
flow rate of 60 sccm and their subsequent reduction by P5 gas for 5
min, after which the oxidation and reduction cycle was repeated ten
times. We note that prior to reintroducing P5 to the reactor to initiate
the next reduction/reoxidation cycle, N2 was passed through the
reactor at a flow rate of 60 sccm for 2 min, which was sufficient to
remove any of residual reactant or product gases from the system.

2.5. Gas Chromatography. Effluent gas analysis was performed
using an Agilent 6890N Network Gas Chromatograph (GC)
equipped with a thermal conductivity detector (TCD) and Porpak
Q packed column (Alltech). The column dimension was 4 m (length)
× 1/8′′ (diameter) × 0.085′′ (film thickness). Helium (He) was used
as a carrier gas. GC temperatures were set at 200, 40, and 225 °C for
the inlet, column, and detector, respectively. Pure samples (99.99+%,
Matheson) of CH4, CO2, CO, and H2 were used as standards.

2.6. Density Functional Theory Calculations and Thermo-
dynamics Modeling. Spin-polarized density functional theory
(DFT) calculations were carried out using the QUANTUM-
ESPRESSO package,31 employing the GGA-PBE approximation to
the exchange-correlation functional.32 The periodic boundary
condition calculations were carried out using ultrasoft pseudopoten-
tials33 and planewave cutoffs of 35 Ry for the wave function and 280
Ry for the charge density. The energy of bulk α-Fe2O3 modeled in a
rhombohedral primitive cell was sampled using an 8 × 8 × 8 k-point
mesh,34 which was subsequently folded down to 4 × 4 × 1 and 2 × 2
× 1 for (1 × 1) and (2 × 2) supercells of the (001) surface plane,
respectively. Additional details of the computational methods,
including the optimized lattice constants, Hubbard U corrections
applied to the 3d and 2p states of Fe and O atoms, respectively,
surface slab thickness convergence studies, and magnetic ordering,
have been previously reported.35 Surface slabs were constructed to
contain inversion symmetry, and all atoms were allowed to fully relax
over the course of geometry optimizations carried out to within
convergence criteria of 10−3 eV and a residual force of 10−2 eV/ Å per
atom.

The stability of different FeOx species was examined using
atomistic thermodynamics modeling that uses DFT total energy
information and as described originally by Reuter and Scheffler.36−38

Our calculated surface free energies are consistent with those of other
ab initio thermodynamics studies of α-Fe2O3(001) surfaces modeled
using different implementations of DFT.39,40

3. RESULTS AND DISCUSSION
3.1. Characterizations of Oxygen Carriers. From

HRTEM and SEM analyses, the average projected area
diameter (i.e., a two-dimensional area measurement of particle
TEM images obtained by projecting their shapes onto an
arbitrary plane) of the three α-Fe2O3 nanoparticle samples
before reaction (as-received) were found to be 3 (± 0.5), 50
(± 17), and 350 (± 150) nm (see Figure S2). Hereafter, for
simplicity, we refer to our samples as 3, 50, 350 nm. The
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specific surface areas of as-received 3, 50, and 350 nm α-Fe2O3

particles were 190 (± 25), 24 (± 1), and 4.0 (± 0.5) m2/g,
respectively, where values represent the average and standard
deviation from triplicate measurements. As expected, the
specific surface area of the particles decreased with increasing
primary particle size. The XRD pattern of all as-received α-
Fe2O3 samples (Figure S3) matched that of a trigonal
hexagonal α-Fe2O3 phase with the rhombohedral lattice system
(JCPDS card 01-076-9683). The XRD diffraction pattern of
the as-received 3 nm sample revealed it was initially poorly
crystalline, but upon heating under an air stream to the
reaction temperatures typical for CLC (500−800 °C), the
material developed better crystallinity.
3.2. Temperature-Dependent Trends in CH4 Oxida-

tion by Nanoscale α-Fe2O3. Figure 2a shows the effect of
temperature (500−800 °C) on the oxidation of CH4 (present
at 5% in a standard P5 gas mixture) to CO2 at a flow rate of 2

sccm (12.5 h−1 as GHSV) for different α-Fe2O3 particle sizes.
Data are shown as a function of temperature for each particle
size (Figure 2a) and also as a function of particle size at each of
the different temperatures (Figure 2b).
Generally, and as we also observed previously for cobalt

oxides,22 conversion of CH4 to CO2 was most efficient (i.e.,
producing the highest CO2 yield over the longest durations) at
higher temperatures. Also, the performance of the oxygen
carrier was clearly influenced by particle size (Figure 2b). For
example, 3 nm particles at 500 °C facilitated complete CH4

conversion to CO2 (i.e., 100% CO2 yield) over nearly 120 min.
In contrast, we never observed 100% conversion of CH4

conversion to CO2 for 350 nm particles at this same
temperature. More sustained periods of higher CO2 yield
were also observed for smaller α-Fe2O3 particles at the other
temperatures tested (as shown in Figure 2b).

Figure 2. Effect of (a) temperature (500−800 °C) at a fixed particle size and (b) particle size at a fixed temperature for α-Fe2O3 oxidation of CH4
(present at 5% in a standard P5 gas mixture) to CO2 at a flow rate of 2 sccm (12.5 h−1 as GHSV). Results from at least duplicate reactions are
shown (as averages with standard deviation) for all concentration data.
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Theoretical mass balance calculations were used to estimate
the expected duration of full conversion of CH4 to CO2 (as
well as H2O) assuming lattice oxygen was available only
through the reduction of α-Fe2O3 to Fe3O4 (and not
subsequent reduction of Fe3O4 or FeO). Based on these
calculations, 100% conversion to CO2 is estimated to last for
approximately 90 min at a CH4 flow rate of 2 sccm. For 3 nm
particles at the highest temperature investigated (800 °C), α-
Fe2O3 performance nearly matched this theoretical estimate
(85 (± 5) min). At all other reaction conditions, α-Fe2O3

particles underperformed theoretical performance expect-
ations, particularly with increasing primary particle size. We
note, however, that even though 3 nm hematite par-
ticles were able to successfully achieve 100% conversion of
CH4 under these conditions, the amount of available oxygen

utilized was very low (3% of total oxygen available), which
would likely limit their effectiveness in real CLC applications.
The observed size-dependent trends for the duration of

near-complete CH4 to CO2 conversion likely reflect the greater
availability of lattice oxygen in smaller α-Fe2O3 particles for
CH4 oxidation. As particle size decreases (from 350 to 3 nm),
specific surface area increases while the volume of individual α-
Fe2O3 particles decreases. Accordingly, one might expect
greater and easier access to lattice oxygen in smaller
nanoparticles, especially if surface, rather than bulk, oxygen
sites are responsible for controlling the rate of CH4 oxidation
(e.g., the unreacted shrinking core model).
Eventually, CH4 breakthrough in the reactor effluent was

observed for all particle sizes and at all temperatures.
Breakthrough of CH4 occurred concomitantly with a decrease
in effluent CO2 concentration, consistent with a loss in oxygen

Figure 3. Effect of (a) temperature (500−800 °C) at a fixed particle size and (b) particle size at a fixed temperature on effluent CO2 concentrations
produced via α-Fe2O3 oxidation of CH4 (present at 5% in a standard P5 gas mixture) at a flow rate of 20 sccm (125 h−1 as GHSV). Results from at
least duplicate reactions are shown (as averages with standard deviation) for all concentration data.
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carrier performance. At the relatively low flow rate of 2 sccm,
however, we never observed complete exhaustion of any
oxygen carrier over the entire 160 min reaction, with some
level of CO2 always detected in the effluent (i.e., effluent CH4
concentration was always below the influent CH4 level). As
with the duration of complete conversion to CO2, the extent of
CH4 breakthrough also corresponded to α-Fe2O3 particle size;
the highest CH4 effluent concentrations were observed for 350
nm particles, and the lowest for 3 nm particles, at all
temperatures.
Finally, for the period where effluent CO2 concentrations

decrease steadily over time, we attribute the slower yet
sustained conversion of CH4 to an increasingly greater role for
less reactive iron oxides generated through α-Fe2O3 reduction
(e.g., Fe3O4 and FeO) as oxygen carriers. Indeed, the
activation energy required to extract the lattice oxygen of
Fe3O4 or FeO is higher than that required for α-Fe2O3.

41

Accordingly, the greater and more sustained production of
CO2 at higher temperatures most likely reflects the ability to
more easily reduce Fe3O4 and/or FeO at these higher
temperatures, in turn releasing their lattice oxygen to drive
CH4 oxidation.
3.3. Flow Rate-Dependent Trends in CH4 Oxidation

by Nanoscale α-Fe2O3. 3.3.1. CH4 Oxidation by α-Fe2O3 at
20 sccm. Figure 3 illustrates the performance of different α-
Fe2O3 particle sizes over the same temperature range (500−
800 °C) but at the higher flow rate of 20 sccm (125 h−1 as
GHSV). As in Figure 2, data are shown as a function of
temperature for each particle size (Figure 3a) and also as a
function of particle size at each of the different temperature
investigated (Figure 3b).
At this higher flow rate, as might be anticipated, the interval

over which CH4 was oxidized completely to CO2 decreased
considerably. For example, if we examine the performance of 3
nm α-Fe2O3 particles at 800 °C, the interval of complete CH4
conversion to CO2 decreased from 85 (± 5) minutes at 2 sccm
to 6 (± 2) minutes at 20 sccm (a change from 12.5 to 125 h−1

as GHSV). While shorter in duration, estimates of full CH4
conversion at this higher flow rate suggest that 3 nm particles
still perform close to theoretical expectations based on the
oxygen available from α-Fe2O3 reduction to Fe3O4. Also, as
shown in Figure 3b, the aforementioned trends in α-Fe2O3
performance as a function of particle size were generally
maintained at higher flow; CH4 oxidation was still greatest in

magnitude and sustained over the longest durations for smaller
particles at higher temperatures.
Unlike at the lower flow rate shown in Figure 2, most

reaction conditions resulted in near-complete or total
exhaustion of oxygen carrier reactivity, with CO2 effluent
concentrations often reaching zero over longer time scales
(typically greater than 30 min). For 3 nm particles, for
example, the initial period of complete CH4 conversion to CO2
was followed by a period of steep activity loss where CO2
concentration decreased rapidly over a relatively short period
of time. At lower temperatures, effluent CO2 concentration
ultimately reached zero, although greater and more sustained
effluent CO2 levels were achieved at higher temperatures. This
characteristic sigmoidal shape of effluent CO2 profiles was also
observed with the larger α-Fe2O3 particles.
Experiments conducted at 20 sccm revealed important

similarities in the rate of oxygen carrier reactivity loss along the
reaction coordinate in α-Fe2O3 systems. As shown in Figure 3a,
the rate of 3 nm α-Fe2O3 reactivity loss (based on the decrease
in effluent CO2 concentration over time) was practically
invariant with temperature from 500 to 800 °C. This
comparable rate of oxygen carrier reactivity loss is most easily
discerned via semi-log plots of CO2 concentration (as %) over
time (Figure S4a). The linear portions of these plots suggest
that oxygen carrier reactivity loss can be described as a first
order process, where the slopes represent effective coefficients
for reactivity loss. Accordingly, the near-equivalence of these
slopes across all temperatures in Figure S4a illustrates the
comparable rate of reactivity loss in the 3 nm α-Fe2O3 systems.
This behavior was also generally observed for 50 and 350 nm
particles, where the rate of decrease in CO2 yield over time was
roughly constant over the temperatures investigated, with the
exception of a distinct concentration profile for 350 nm
particles at 500 °C. Moreover, as shown in Figure 3b, the rate
of reactivity loss also appears to be roughly comparable across
particle sizes at a given temperature. This is most clearly seen
at higher temperatures (i.e., 600 and 800 °C), where the
decrease in CO2 concentration over time is nearly equivalent
for 3, 50, and 350 nm particles (see Figure S4b which
compares the semi-log plots of CO2 effluent concentration
over time for these systems at 2 sccm).
The relative independence of reactivity loss to both

temperature and oxygen carrier particle size lends some insight
into the reaction steps that are likely rate limiting in this

Figure 4. Concentration profiles (as %) of (a) CO2 and (b) H2 as a function of temperature (500−800 °C) during the reaction of 50 nm α-Fe2O3
with CH4 (present at 5% in a standard P5 gas mixture) at a flow rate of 40 sccm (250 h−1 as GHSV). Results from at least duplicate reactions are
shown (as averages with standard deviation) for all concentration data.
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performance regime. Factors like diffusion of reactants to (or
products away from) the particle surface would be expected to
scale with reactive surface area, which is a function of particle
size. Thus, it is unlikely such physical processes control activity
loss. Likewise, extraction of lattice oxygen and subsequent
lattice rearrangement from α-Fe2O3 to its reduction product
Fe3O4 (or Fe3O4 to FeO) would also be expected to reveal a
temperature dependence.41 Thus, we interpret the size- and
temperature-independent nature of reactivity loss as evidence
that a process such as electron transfer, which classically

exhibits little dependence on temperature, as rate limiting and
responsible for reactivity loss in this regime.
In higher flow rate systems, we also observed formation of

the partial oxidation products H2 and CO (see eq 2) over
longer time scales. Figure S5 shows the evolution of H2

concentration over time both as a function of temperature
for each particle size (Figure S5a) and as a function of particle
size at a fixed temperature (Figure S5b) for systems with a flow
rate of 20 sccm (GHSV of 125 h−1). The extent of H2

production was temperature dependent, with little to no H2

Figure 5. X-ray diffraction patterns for samples of (a) 3 nm, (b) 50 nm, and (c) 350 nm α-Fe2O3 after 75 min of reaction with CH4 (present at 5%
in a standard P5 gas mixture) at 20 sccm. XRD patterns are shown for different reaction temperatures.

Figure 6. (a) XPS and (b) XRD of 50 nm α-Fe2O3 as a function of reaction time with CH4 (present at 5% in a standard P5 gas mixture) at 700 °C
and 20 sccm. (c) XPS and (d) XRD of 3, 50, and 350 nm α-Fe2O3 samples after reaction with P5 mixture at 800 °C and 20 sccm (GHSV = 125
h−1) for 75 min.
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(or CO) observed at the lowest temperature explored (500
°C). Although not shown, measured CO concentrations were
half that quantified for H2, as expected from the reaction
stoichiometry in eq 2. While formation of H2 and CO
increased with temperature, there was only a weak dependence
on particle size, with smaller α-Fe2O3 particle sizes producing
slightly higher H2 and CO effluent levels at all temperatures.
3.3.2. CH4 Oxidation by α-Fe2O3 at 40 sccm. Oxygen

carrier performance was also considered at an even higher CH4
flow rate of 40 sccm (250 h−1 GHSV), but these conditions
revealed reactivity trends largely consistent with those
established at lower flows. Figure 4 shows results from
experiments with 50 nm α-Fe2O3 particles at 40 sccm,
specifically concentration profiles for effluent CO2 (Figure
4a) and H2 (Figure 4b) as a function of time. As illustrated in
Figure 4a, oxygen carrier performance, both initially and over
time, was relatively insensitive to temperature. Although the
duration of near-complete CH4 conversion to CO2 was very
short in all cases (∼2 min), initial yields of CO2 were roughly
equivalent across the temperature range from 550 to 800 °C.
This temperature independence may make α-Fe2O3 nano-
particles promising oxygen carriers when hydrocarbon
combustion at lower operating temperatures is desired.
Formation of partial combustions products CO and H2 was

also observed at this highest flow rate. Although CO and H2
production occurred sooner than observed at 20 sccm, both
products were formed to a lesser extent under these conditions.
Notably, the concentration of H2 was double that of CO,
consistent with H2 formation not resulting from CH4 pyrolysis
(eq 3), a process that can be promoted by Fe metal.42

→ +CH C 2H4 2 (3)

3.4. XPS and XRD Investigation of Solid-State α-
Fe2O3 Reduction Mechanism. Figure 5 shows XRD patterns
collected after 75 min of reaction between α-Fe2O3 and CH4
across the range of temperatures investigated. In all cases, the
XRD patterns reveal that CH4 oxidation to CO2 is coupled
with α-Fe2O3 reduction to Fe3O4. Moreover, subsequent
reduction of Fe3O4 to FeO, as well as FeO to Fe metal, was
occasionally observed, but the extent of these reactions was
temperature and particle size dependent. For example, while
XRD diffraction lines indicative of α-Fe2O3 remained
detectable after 75 min of reaction for 350 nm particles at
lower temperatures (e.g., 500 °C), α-Fe2O3 was not detectable
in reacted 3 nm particles at any temperature. Moreover,
evidence of FeO and Fe metal from XRD was observed more
readily for smaller particles (e.g., 3 nm) and at higher reaction
temperatures (e.g., 800 °C). In fact, Fe metal was detected
only in the 3 nm samples, suggesting that smaller α-Fe2O3
particle size facilitates more complete reduction, consistent
with our earlier assertion that lattice oxygen is more freely
available and accessible in smaller particle sizes.
To examine differences between the bulk and surface

chemical transformation of α-Fe2O3 during reduction by CH4,
experiments with 50 nm α-Fe2O3 (at 700 °C and 125 h−1)
were performed for different durations (15, 30, 45, 50, and 150
min), and the reacted oxygen carriers were analyzed by both
XPS and XRD (corresponding to performance data in Figure
3). The high-resolution scan of the Fe 2p binding energy
region (Figure 6a) shows two peaks at a binding energy of
710.9 and 724.4 assigned to 2p3/2 and 2p1/2 (of multiple iron
oxides), respectively. However, the satellite structure (at 719.3
eV) unique to α-Fe2O3

43,44 was not evident in XPS spectra for

all reacted samples, suggesting a relatively rapid depletion of α-
Fe2O3 at the particle surface, even after just 15 min of reaction
(at which point the CO2 yield in the reactor effluent was
∼65%). In contrast, complementary XRD patterns character-
izing the bulk of these same samples (Figure 6b) revealed the
persistence of α-Fe2O3, at least through the sample collected
after 15 min of reaction.
Over the duration of reaction, a shoulder grew at lower

binding energies relative to the as-received α-Fe2O3. XPS
spectra, therefore, are consistent with the formation of
reduced, ferrous iron species on the particle surface, such as
Fe3O4 and FeO (with characteristic binding energies of 710.6
and 709.7 eV, respectively).45,46 However, a reported satellite
structure unique to FeO at 719.0 eV44 does not appear in any
of the XPS scans collected up to 150 min of reaction (i.e., well
after oxygen carrier capacity is exceeded and the effluent CO2
level is zero). While FeO does not appear present on the
reacted particle surface, XRD analysis indicates its formation in
the particle bulk over time, with diagnostic diffraction lines of
FeO visible in the diffraction pattern collected after 150 min of
reaction.
Additionally, we also conducted surface (XPS) and bulk

(XRD) analysis of samples for each particle size (3, 50, and
350 nm) after reaction at 800 °C and 125 h−1 for 75 min
(Figure 6c and 6d, respectively), corresponding to the
performance indicated by the last data point in Figure 3. A
noteworthy observation involves the solid-state reduction of
the 3 nm sample, which was the only material to produce an
XRD pattern consistent with metallic iron formation
(generated from the reduction of FeO). In contrast,
corresponding surface analysis of the reacted samples did not
reveal evidence for Fe metal formation on the particle surface,
which would be expected to produce an XPS feature near a
binding energy of 706.4.46,47 Thus, formation of Fe metal was
limited solely to the bulk, but not to the surface, of 3 nm
particles, which after 75 min of reaction was still able to
generate a CO2 yield of roughly 30% in the reactor effluent.
Integrated surface and bulk chemical analysis allows us to

elucidate the prevailing solid-state reduction mechanisms at
play during CH4 oxidation. The rapid surface depletion of α-
Fe2O3, along with its greater persistence in the particle bulk, is
evidence that α-Fe2O3 reduction to Fe3O4 proceeds in a matter
consistent with the unreacted shrinking core model
(USCM).25 Thus, CH4 oxidation is initiated by the surface
oxygen of α-Fe2O3. Once a thin layer of the reduced iron oxide
phase (i.e., magnetite, Fe3O4) is formed on the particle surface,
further oxidation of CH4 molecules can occur only after they
diffuse through the reduced layer to access and react with the
underlying, bulk oxygen molecules.24,41,48 According to this
model, α-Fe2O3 particle size would be expected to influence
performance, as we observed; larger surface area to volume
ratios would not only provide more surface oxygen per particle
to initiate reaction but also allow for a smaller diffusion length
(and thus resistance) for CH4 to access the underlying,
unreacted particle core as the reaction proceeds.
In an important distinction, our characterization suggests an

alternative solid-state reduction mechanism for the products of
α-Fe2O3 reduction. Specifically, after α-Fe2O3 conversion to
Fe3O4 following the unreacted shrinking core model, character-
ization data suggest that subsequent conversion of Fe3O4 to
FeO (and in the case of 3 nm particles, FeO to iron metal)
proceeds via the nucleation and nuclei growth model
(NNGM), as we have reported previously for cobalt oxides.22
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When Fe3O4 is the predominant iron phase, integrated
characterization indicates that particle surfaces stay enriched
in more heavily oxidized phases, while more reduced phases
are readily detected in the bulk. In this scenario, bulk oxygen
from Fe3O4 and FeO migrates to the particle surface, where the
heterogeneous reaction with CH4 occurs. Methane oxidation
results in the formation of oxygen vacancies on the particle
surface, which in turn drives migration of bulk oxygen to the
surface via an electron transfer process we earlier proposed as
rate limiting and relatively insensitive to particle size. This
oxygen migration is responsible for maintaining the higher
oxidation state of iron atoms at the particle surface relative to
the more reduced oxidation state in the bulk. Ultimately, this
solid-state reduction scheme, where the more reduced phase
transitions from surface-to-bulk (“outside in”) to bulk-to-
surface (“inside out”) along the reaction coordinate from α-
Fe2O3 to Fe3O4, FeO, and finally iron metal, agrees well with
mechanisms previously proposed, but not experimentally
verified with integrated bulk and surface characterization, by
Monazam and co-workers.23,24

As a final line of evidence, XPS analysis of the oxygen region
(Figure S6a) generally supports our hypothesized reduction
mechanism. The surface oxygen concentration decreased with
reaction progress, which matches expectations for trans-
formation of α-Fe2O3 to Fe3O4 and the further reduction to
FeO. XPS analysis of the carbon region (Figure F6b) revealed
an increase in surface carbon concentration over time, which is
expected from the deposition of carbon on the oxygen carrier
surface as a by-product of reaction.
3.5. Practical Performance Considerations for Nano-

particle Oxygen Carriers. The successful use of nano-
particles as oxygen carriers in CLC must overcome practical
challenges related to their application, including agglomer-
ation, which causes structural changes (e.g., loss of surface area
and increase in particle volume) that can adversely
affect performance. We conducted additional tests to explore
the practical viability of unsupported α-Fe2O3 nanoparticles
during simulated CLC cycling and the influence of
agglomeration on the long-term performance of α-Fe2O3
nanoparticles.
Figure 7a considers oxygen carrier efficiency across ten

sequential reduction/oxidation cycles, where we define oxygen
carrier efficiency as the ratio of the CO2 yield at the end of
each reduction cycle (5 min) to the CO2 yield measured at the

end of the first cycle (expressed as %). Generally, under these
conditions (600 °C; reduction with P5 at flow rate of 20 sccm;
reoxidation with air at 60 sccm; each reaction time of 5 min)
α-Fe2O3 nanoparticles exhibited reversible reduction/oxidation
through all 10 CLC cycles, with XRD analysis confirming that
reoxidation of used samples after ten cycles resulted in α-Fe2O3
regeneration (Figure 7b). However, a gradual loss in
performance was observed through the 10 cycles, a trend
most prominent for 50 and 3 nm particles (Figure 7a). After 10
reduction−oxidation cycles, the reactivity of the 3 and 50 nm
samples dropped by roughly 25% and 40%, respectively,
relative to pristine materials. While the 350 nm sample had a
sharp initial drop in efficiency (decreasing 15% over the first 4
cycles), it exhibited more sustained performance for the
remainder of the cycling experiment.
We attribute this behavior to the tendency of the smallest

nanoparticles (3 and 50 nm) to more readily agglomerate at
high reaction temperatures, thereby hindering their long-term,
sustained performance. Indeed, SEM analysis of the oxygen
carrier samples after ten complete reaction cycles reveals that
3, 50, and 350 nm samples grow to 90 (± 20), 400 (± 150),
and 450 (± 180) nm, respectively (see Figure S7). Thus, while
smaller nanoparticles exhibit superior performance during a
single reduction cycle (see Figure 2), their tendency to
agglomerate may limit such size-dependent reactivity benefits
over repeated oxygen carrier cycling in CLC.

3.6. Atomistic Thermodynamics Analysis of FeOx Bulk
and Surface Species. DFT and thermodynamics modeling
were carried out to determine if there is a driving force for the
crossover from USCM to NNGM reduction mechanisms. To
this end, (001) surface models representing partially reduced
α-Fe2O3 were generated, starting from the ideal surface and
then introducing oxygen vacancies in the outermost oxygen
layers. By employing varying sized supercells, different oxygen
vacancy densities can be described within the structurally
periodic models. Details of the surface model construction are
given in Figure S8 of the Supporting Information. In addition
to the ideal α-Fe2O3(001), three surface models were designed.
The 25% oxygen vacancy surface is terminated by 3 (1 × 1)
domains of Fe2O3 and 1 (1 × 1) domain of Fe2O2, which is
equivalent in chemical formula to a stoichiometry of 2/3 Fe3O4
+ 1/3 Fe2O3. In a similar fashion, the 50% oxygen vacancy
structure is terminated by 2 (1 × 1) domains of Fe2O3 and 2
(1 × 1) domains of Fe2O2, which is equivalent in chemical

Figure 7. (a) Oxygen carrier efficiency of 3, 50, and 350 nm α-Fe2O3 samples across 10 cycles of reduction by P5 gas (20 sccm, 5 min reaction
time) followed by reoxidation in air (60 sccm, 5 min reaction time) at 600 °C. (b) XRD patterns of oxygen carriers after 10 complete P5
reduction−air oxidation cycles.
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formula to a stoichiometry of 1/2 FeO + 1/2 Fe3O4. The 100%
surface oxygen vacancy model is comprised of FeO in a (1 ×
1) cell.
Results of the ab initio thermodynamics analysis of the

surface and bulk FeOx species are summarized in Figure 8. The
plot in Figure 8a shows the calculated values of the surface free
energy (γ) of the corresponding hematite surface at different
values of oxygen chemical potential (μO). The O-rich limit (μO
= 0) is defined as a gas-phase equilibrium, and the O-poor limit
(μO = −3.07 eV) is defined by bulk equilibrium, following
previous work.34 The plot of γ shows that when μO is > −2.46
eV, the ideal Fe-terminated surface is most stable. For μO in
the range of −2.85 to −2.46 eV, the 2/3 Fe3O4 + 1/3 Fe2O3

surface stoichiometry is predicted to be the most stable. When
μO is even lower, the more reduced surface with 1/2 FeO + 1/
2 Fe3O4 stoichiometry becomes preferred. In Figure 8b the
stability ranges for the variable surface stoichiometries are
compared to calculated regions of variable bulk FeOx stability.
The stable region of bulk α-Fe2O3 corresponds to values of μO
down to −2.41 eV. In the region of −3.07 to −2.41 eV bulk
Fe3O4 is preferred, and below −3.07 eV the bulk iron oxide is
predicted to be fully reduced to metallic Fe.
The fact that there is a narrow window of overlap between

bulk α-Fe2O3 and the (2/3 Fe3O4 + 1/3 Fe2O3) surface
supports that reduced (Fe3O4) layers are stable over Fe2O3

cores. This theoretical result is congruent with the
experimental evidence that reduction of α-Fe2O3 proceeds
initially through the USCM mechanism. On the other hand,
the relatively high values of γ for the FeO surface over the full
range of μO suggests that the hematite core would decompose
before shells of this reduced form would form. The absence of
overlapping regions of stability of bulk α-Fe2O3 and FeO
surfaces along the μO axis is in agreement with the crossover
from USCM to NNGM over the course of nanoparticle
reduction. We note that our calculations were limited to
geometries based on α-Fe2O3(001) surfaces, at relatively high
oxygen density concentrations. Therefore, we consider the
theoretical modeling to be supportive, but not definitively
conclusive evidence, of the two-stage USCM/NNGM
reduction of the experimental nanoparticles.

4. CONCLUSION

For the oxidation of CH4 by α-Fe2O3 during the CLC process,
we observed that decreasing the particle size from 350 to 3 nm
increased the duration over which CH4 was completely
converted to CO2. We attribute this size-dependent perform-
ance trend to a greater availability of lattice oxygen in α-Fe2O3
nanoparticles that possess a high surface area to volume ratio.
After the period of complete CH4 conversion, all particle sizes
exhibited a relatively steep decline in performance. Notably,
the rate of reactivity loss was roughly constant across the
temperatures and particle sizes considered. The lower
reactivity reflects, in part, a depletion of α-Fe2O3 and a greater
role for Fe3O4, its less reactive reduction product, in CH4
oxidation. Further, the relative independence of reactivity loss
on particle size and temperature leads us to propose that the
rate-determining step is likely electron transfer, which would
exhibit little to no temperature dependence. More practically,
the relative insensitivity of α-Fe2O3 nanoparticle performance
from 500 to 800 °C highlights its potential as an oxygen carrier
at lower, less energy intensive reactor temperatures.
Using integrated bulk (XRD) and surface (XPS) character-

ization, we propose that α-Fe2O3 reduction to Fe3O4 is best
described by the unreacted shrinking core model (USCM),
where the reduced phase is enriched at the particle surface
relative to the oxidized particle bulk. We also propose that the
subsequent reduction of Fe3O4 to FeO, as well as the further
reduction of FeO to Fe metal, follows the nucleation and
nuclei growth model (NNGM). This two-stage mechanism of
oxygen carrier reduction is in good agreement with
mechanisms previously proposed, but not verified with
materials characterization, for α-Fe2O3 reduction.

23,24 Our ab
initio thermodynamics analysis of FeOx bulk and surface
species also provides theoretical support of this two-stage
mechanism. While partially reduced α-Fe2O3 surfaces have
predicted stability over a portion of the same range of oxygen
chemical potentials under which bulk α-Fe2O3 is stable, the
calculations predict that hematite would fully decompose
before surfaces of FeO would be stable as outer layers.
Ultimately, our investigation provides evidence to support

conventional wisdom25 that decreasing oxygen carrier particle
size can be used to improve performance. However, any gains

Figure 8. Results of surface and bulk atomistic thermodynamics analysis. (a) Surface free energy (γ) as a function of oxygen chemical potential, μO,
for FeOx species ranging from α-Fe2O3 to FeO, and (b) comparison of surface (upper) and bulk (lower) stability ranges as a function of μO.
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in performance achieved with nanoparticles must overcome
their somewhat inferior mechanical properties that may affect
their performance and stability during extended CLC cycling.30

A solution for these issues could be the use of an appropriate
support for the nanoparticles, which would limit agglomeration
while maximizing those properties (i.e., high surface area and
small particle volume) most beneficial for increasing
availability and accessibility of lattice oxygen.
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