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ABSTRACT: To meet the globally growing energy demands, it is essential
to develop schemes with higher fuel conversion efficiency at temperatures
<1000 °C while suppressing emissions of CO2. Iron oxide nanoparticles
supported by mesoporous silica SBA-16 (Fe2O3@SBA-16) is conceived and
developed in this study for chemical looping partial oxidation, yielding syngas
selectivity above 95% with operating temperatures as low as around 400 °C is
achieved, a temperature that is 600 °C lower than the conventional operating
temperature. The methane conversion rate for Fe2O3@SBA-16 is 52 and
660% higher than those for established nanoparticle oxygen carriers and bulk
oxygen carriers, respectively. Dynamic Monte Carlo simulations are
conducted that demonstrate the distinct effects of nanoparticle loading and
particle size distribution on 3-D interconnected Fe2O3@SBA-16, affirming its
accelerated reaction kinetics. This finding has significant implications in
mesoporous materials and broadens research domains in other cyclic redox
energy systems.
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1. INTRODUCTION

The world’s energy demands are expected to increase more
than threefold over the next century. Hence, the energy
industries acknowledge the necessity of seeking cost-efficient
and environmentally friendly alternatives to crude oil. The
continued discovery of shale gas and fire−ice reservoirs,
together with the expanding renewable biogas production,
manifests that methane is a promising alternative. Methane is
the main feedstock for generating vital intermediate to fuels
and value-added chemicals.1,2 However, the high stability of
C−H bonds, negligible electron affinity, and low polarizability
of methane molecules (CH4) require costly catalysts,3 a high
operating temperature, high steam consumption, and/or air
separation in the industrial methane process, which is energy
intensive and is associated with CO2 emission control.
Consequently, a cost-effective approach that can enhance
energy efficiency and reduce carbon emissions, while
promoting syngas selectivity and yield at lower temperatures,
is desired.4

Chemical looping partial oxidation (CLPO) is an emerging
approach that can alleviate the aforementioned methane
transformation requirements. A viable CLPO process compris-
ing of redox cycles5−9 of metal oxide oxygen carriers in two
interconnected reactors is illustrated in Figure 1. Specifically, in
contrast to conventional fossil fuel reforming and utilization
processes, CLPO features in direct production of high-quality

syngas with minimal energy penalty and no requirement for an
air separation unit, water−gas shift reactor, or CO2 separation
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Figure 1. Chemical looping partial oxidation concept of mesoporous
silica SBA-16 supported Fe2O3 oxygen carrier, Fe2O3@SBA-16.
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unit. The lowest operating temperature achieved in the
emerging nanomaterial-engaged CLPO process is 550 °C
with syngas selectivity over 87%, using Ni-rABO3 system
oxygen carriers.10 Higher operating temperatures generate
visible carbon deposition in the Ni-rABO3 system, which
narrows the CLPO operating temperature window signifi-
cantly. Consequently, it remains challenging and necessary to
develop cost and energy efficient processes to concurrently
achieve higher syngas selectivity above 90% and methane
conversion at broader operating temperature windows with the
lower limit below 550 °C and the higher limit below 1000 °C.
Mesoporous materials have been demonstrated as a versatile

platform for applications in energy materials, chemistry, and
medical science, including adsorption and catalysis,11−15

chemical sensing,16 drug delivery,17,18 and separation technol-
ogy.19,20 Mesoporous silica possesses large surface areas and
high thermal stability21 with a controllable pore structure and
pore size distribution. The adjustable structural features in
mesoporous supports can facilitate diverse reactant mass
transfer and can be tailored to enhance the efficiency of
catalytic processes and reaction kinetics to a different extent.
Considerable interest has been attracted by exploring nano-
scaled redox systems in fuel conversion and utilization
supported by mesoporous silica.22 Nevertheless, a systematic
understanding of pore structure-dependent diffusivity has not
been established, which hinders the application of mesoporous
silica in redox processes. Thus, success23 in long-term
nanoparticle stability and high reactivity can significantly
benefit energy industries, such as photocatalysis and chemical
looping processes.
Multiscale modeling has demonstrated that iron oxide

nanoparticles exhibit a strong size effect that facilitates CO
and H2, instead of CO2 and H2O, formation and thus enhances
syngas selectivity substantially.23 In this context, we develop
Fe2O3 nanoparticle oxygen carriers supported by mesoporous
silica SBA-16 (Fe2O3@SBA-16), which not only exhibits a high
syngas selectivity of 95% with high conversion rates but also
can be operated at broad operating temperature windows
between 400 and 800 °C with carbon inhibition capability
(Figure 1). To gain a mechanistic insight in the high reactivity
Fe2O3@SBA-16, another mesoporous supported oxygen carrier
(Fe2O3@SBA-15) with almost identical pore size but different
pore arrangement is also investigated. We discovered that the
distinct structures enable significantly higher gas diffusivity in
Fe2O3@SBA-16 compared to Fe2O3@SBA-15, which is
confirmed by dynamic Monte Carlo simulations. Computa-
tional modeling reveals that the Fe2O3 nanoparticles influence
gas diffusivity by different molecular mechanics in these two
mesoporous structures with a different flow pattern. The gas
molecules in Fe2O3@SBA-15 tend to be trapped by the
nanoparticles located in the 2-D cylindrical channels, especially
when the nanoparticle size maximize to the mesopore size. On
the other hand, the 3-D interconnected pores of Fe2O3@SBA-
16 facilitate the gas diffusion and decrease the trapping effect
significantly. As a result, the diffusivity of Fe2O3@SBA-16 is
less sensitive to the nanoparticle size and mainly depends on
the nanoparticle loading. This study is expected to impact
broadly on industrial applications of CLPO as well as other
redox reaction systems, such as photocatalysis and chemical
looping in fuel conversion and utilization.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The sample was prepared by an

impregnation method. Fe(NO3)3·9H2O (3.03 g) was first dissolved in
4 mL of ethanol. Mesoporous support SBA-15 or SBA-16 (0.1 g) was
then added in the solution and the whole was subject to ultrasonic
treatment for 1 h. The suspension was mixed under vigorous stirring
overnight. The solid precursor was collected by centrifugation and
cleaned before drying in air to make sure no iron oxide will deposit on
the surface of the support. The as-prepared precursor was calcined at
600 °C for 5 h to obtain the final product.

The weight loading of the Fe2O3 nanoparticles was measured in a
thermogravimetric analysis (TGA) equipment. The sample (15 mg)
was mounted in a Setaram TGA device and fully reduced by 50% H2
(100 mL/min of H2 balances with 100 mL/min He) under 800 °C.
The oxygen carrying capacity and weight loading of Fe2O3 in Fe2O3@
SBA-15 and Fe2O3@SBA-16 were calculated by

m
m

oxygen carrying capacity 100%= Δ ×

weight loading
oxygen carrying capacity

30%
100%= ×

where Δm is the weight change during the reduction, m is the total
weight of the sample, and 30% is the weight percentage of oxygen in
Fe2O3. The result showed that Fe2O3@SBA-15 has an oxygen carrying
capacity of 8.1% and Fe2O3 weight loading of 27%. Fe2O3@SBA-16
has an oxygen carrying capacity of 5.4% and a weight loading of 18%.
The Fe2O3 volume loading of both samples are also evaluated by

v
volume loading

weight loading/
100%

Fe O2 3
ρ

= ×

where v is the pore volume of the mesoporous support, and the
density of α-Fe2O3 (ρFe2O3

) is 5.24 g/cm3. Based on our surface
analysis result, v is measured as 0.66 and 0.48 cm3/g in SBA-15 and
SBA-16, respectively. The result confirms that both Fe2O3@SBA-15
and Fe2O3@SBA-16 have similar volume loading of Fe2O3 nano-
particles, which are 7.5 and 6.7%, respectively.

2.2. Sample Characterization and Measurement. 2.2.1. Im-
pact of Micropores in Mesoporous SBA-15 Support. To eliminate
the effect of micropores (<2nm) on the reactivity of oxygen carriers,
mesoporous support SBA-15 was subject to heat treatment at 1000 °C
for 4 h24,25 to remove the interconnected pores.26 The as-prepared
support is noted as SBA-15nip (SBA-15 with no interconnected pores).
Fe2O3@SBA-15nip was also synthesized and compared with Fe2O3@
SBA-15. Both Fe2O3@SBA-15nip and Fe2O3@SBA-15 have identical
reactivity, indicating the impact of the interconnected pores is
negligible.

2.2.2. Surface Analysis. N2 physisorption was used to analyze the
solid surface and pore size distribution by a NOVA 4200 surface area
analyzer. The surface areas were calculated adopting the Brunauer−
Emmett−Teller (BET) method. Pore size distributions were
calculated by the Brunauer−Joyner−Halenda (BJH) method based
on the adsorption of the N2 isotherm curve.

2.2.3. Transmission Electron Microscopy (TEM). TEM images
were obtained on an FEI Tecnai G2 30 with a working voltage of 200
kV. A high-resolution TEM operation was performed on an FEI
image-corrected Titan3 G2 60-300 S/TEM with a working voltage of
300 kV. The TEM images for fresh and reacted Fe2O3@SBA-15 after
100 redox cycles are shown in Figure S4. The TEM images of support
SBA-15 and SBA-16 are shown in Figures S5 and S6.

2.2.4. TPR Analysis and Redox Reactions. The temperature-
programmed reaction with methane was conducted in a Setaram
thermogravimetric analysis (TGA) device. In each test, 20 mg of the
sample was heated from 370 to 430°C and 650850 °C with a
heating ramp rate of 20 °C/min. The reducing gas is composed of 20
mL/min of CH4 balanced with 180 mL/min of He. Mass
spectrometry (MS) was used to analyze the outlet gas composition.
The result of TPR for Fe2O3@SBA-15 is shown in Figure S4C,D.
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The reaction rate and stability of the samples were tested in TGA
with 100 reduction−oxidation (redox) cycles at 800 °C. In a
reduction step, each sample reacted with 40 mL/min of CH4 balanced
with 100 mL/min of N2 and 50 mL/min of He carrier gas for 5 min.
In a regeneration step, each sample was oxidized by 100 mL/min of
air balanced with 100 mL/min of N2 for 5 min. A buffering step
between reduction and regeneration was also performed with 100
mL/min of N2 as the flushing gas to prevent the mixing of air and
methane. The conversion rate of the oxygen carrier is calculated by

m
m

conversion rate
30%Fe O2 3

= Δ
×

where Δm is the weight change during oxidation, mFe2O3
is the weight

of Fe2O3 in the total sample, and 30% is the weight percentage of
oxygen in Fe2O3. Figure S5 showed the conversion rate of 100 redox
cycles at 800 °C.
For better comparison, gas concentrations and the dTG value are

divided by the total mass of available oxygen in the sample; thus, the
unit of the gas concentration is “%/gO”. The equation is shown below:

x
m

concentration
30%

i

Fe O2 3

=
×

where xi stands for the gas mole fraction, mFe2O3
is the weight of Fe2O3

in the total sample, and 30% is the weight percentage of oxygen in
Fe2O3. The selectivity is calculated by

c
c c

selectivity 100%CO

CO CO2

=
+

×

where cCO is the mole fraction of the CO product, and cCO2
is the mole

fraction of the CO2 product.
2.3. Grand Canonical Monte Carlo (GCMC) Simulation. The

loading of methane molecules in SBA-15 and SBA-16 under
experimental conditions were modeled by GCMC, i.e., constant
μVT simulations with open-source software LAMMPS.27

The single units of SBA-15 and SBA-16 frameworks were
determined to be 100.24 Ȧ × 171.84 Ȧ × 100.24 Ȧ and 100.24 Ȧ
× 100.24 Ȧ × 100.24 Ȧ β-cristobalite crystalline matrices, respectively.
The mesopore diameter of SBA-15 is 80 Ȧ and no micropore was
considered. The mesopore and interconnected micropore diameters
of SBA-16 were 60 Ȧ and 40 Ȧ, respectively.
In the established units of SBA-15 and SBA-16, all silicon atoms

with less than four bonds were removed and the oxygen atoms
connected to single silicon were saturated by adding an extra
hydrogen atom. The frameworks were first minimized and then set to
be fixed in GCMC simulations. The Hill-Saucer force field28,29 was
used to model the framework−framework interactions. DREIDING
FF30 was used to model the methane−methane and methane−
framework interactions. For the Hill-Saucer FF, the potential between
atoms is defined as

E E E E E

E E

E E

(bonds) (angles) (torsions) (bond bond)

(angle angle) (bond angle)

(angle angle torsion) (nonbond)

= + + + −

+ − + −

+ − − +

E K b b K b b K b b(bonds) ( ) ( ) ( )
bonds

2 0
2

3 0
3

4 0
4∑= [ − + − + − ]

E H H H(angles) ( ) ( ) ( )
angles

2 0
2

3 0
3

4 0
4∑ θ θ θ θ θ θ= [ − + − + − ]

E V V

V

(torsions) (1 cos ) (1 cos 2 )

(1 cos 3 )

torsions
1 2

3

∑ ϕ ϕ

ϕ

= [ − + −

+ − ]

E F b b b b(bond bond) ( )( )
b b

bb 0 0∑ ∑− = − ′− ′
′

′

E F(angle angle) ( )( )0 0∑ ∑ θ θ θ θ− = − ′− ′
θ θ

θθ
′

′

E F b b(bond angle) ( )( )
b

b 0 0∑ ∑ θ θ− = − −
θ

θ

E

K

(angle angle torsion)

cos ( )( )0 0∑ ∑ ∑ ϕ θ θ θ θ

− −

= − ′− ′
θ θ ϕ

θθ ϕ
′

′

E
q q

r

A

r

B

r
(nonbond)

i j

i j

ij

ij

ij

ij

ij
9 6∑=

ϵ
+ +

>

where b, θ, and ϕ are bond lengths, bond angles, and torsional angles,
respectively; rij is the distance between two atoms, qj is the charge, and
ϵ is the dielectric constant and is set to be 1.0. All the constants for
the Hill-Saucer FF are listed in Table S1, where Osh denotes the
oxygen atoms connecting with one silicon and one hydrogen atoms,
and Oss denotes the oxygen atoms connecting with two silicon atoms.
Also, the charges for each atom are accumulated by

qi
j

i

ij
1

bond on

∑ δ=
=

As for the DREIDING FF used to model the methane−methane
and methane−framework interactions, the potential is defined by

i

k

jjjjjjjj
i

k
jjjjjj

y

{
zzzzzz

i

k
jjjjjj

y

{
zzzzzz

y

{

zzzzzzzz

E E E E

K b b H
q q

r

r r

(bonds) (angles) (nonbond)

( ) ( )

4

i j

i j

ij

ij
ij

ij

ij

ij

bonds
2 0

2

angles
2 0

2

12 6

∑ ∑ ∑θ θ

ε
σ σ

= + +

= − + − +
ϵ

+ −

>

The parameters are shown in Table S2, where the subscript “m”
stands for methane.

A cutoff radius of 10.5 × 10−10 m was used for the nonbond L−J
force, and Ewald summation was applied in the calculation of long-
range columbic force.

2.4. Dynamic Monte Carlo Simulations of Methane in
Fe2O3@SBA-15 and Fe2O3@SBA-16. Dynamic Monte Carlo
(DMC) simulations have been widely used to study the Knudsen
diffusion in porous materials.31,32 In this work, a computational
domain consisting of interconnected porous networks and loading
with nanoparticles was used to model the methane diffusion in
Fe2O3@SBA-15 and Fe2O3@SBA-16. Periodic boundary conditions
were applied in all three directions; the methane−methane collisions
were neglected, and methane molecules were represented by material
points with velocities. The simulations can be summarized as the
following few steps.

At the starting point of simulations, randomly generated methane
molecules were placed inside the porous volume and were given
randomly selected velocity directions.

The methane molecules moved forward until colliding with the wall
of the porous network, either with the surface of the placed-in
nanoparticles or with the surface of SBA-15 or SBA-16.

After collision, methane molecules were bounce back, and new
directions were randomly selected according to the cosine law.33

Recur to step 2.
After sufficient collisions, the self-diffusivity was estimated by the

Einstein’s equation:

D
t

l t l
v

L
l t llim

1
( ) (0) lim ( ) (0)

t t

2 ave 2

α α
= | ⃗ − ⃗ | = | ⃗ − ⃗ |

→∞ →∞

where α = 6 for 3-D simulations, L is the total trajectory length of the
methane molecules, and vave is the average gas velocity of methane by
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v
RT
M

8
ave π

=

and M is the mass per mole of methane.
If the diffusion process is highly heterogeneous, e.g., in the

nanochannels of SBA-15, component-wise diffusivity can be expressed
as

D
t

l t l
v

L
l t llim

1
( ) (0) lim

2
( ) (0)i

t
i i

t
i i

2 ave 2

α
= | − | = | − |

→∞ →∞

where i = x, y or z.
The nanoparticles were randomly placed in the mesopores of the

porous network without overlapping with each other. Large enough
computational domains was considered to eliminate the fluctuations
due to the randomness of nanoparticle positions. For SBA-15, two
periodic nanochannels, each with a length of 10,240,000 nm and a
diameter of 8 nm, were considered. For SBA-16, a periodic domain of
1024 nm × 1024 nm × 1024 nm was considered with the meso- and
micropore diameters being 6 and 4 nm, respectively.

3. RESULTS AND DISCUSSION

3.1. The Impact of Size Effect in Fe2O3@SBA-16. The
structural features of freshly synthesized Fe2O3@SBA-16 are
presented in Figure 2, with Fe2O3 nanoparticles of 3−6 nm
dispersed in a highly ordered 3-D cubic structure. The Fe2O3
nanoparticles are single crystalline (Figure 2 inset) with
sphere-like structures. The surface area of Fe2O3@SBA-16 was
confirmed as 346 m2/g by using BET analysis. No
agglomeration of nanoparticles was observed on the surface
of Fe2O3@SBA-16, suggesting that all the nanoparticles are
embedded in the mesopores, following the mesoporous
support profile. The particle size remains unchanged with no

sign of sintering after 100 redox cycles as shown in Figure 2,
confirming the high stability of Fe2O3@SBA-16.
The temperature programmed reduction (TPR) study with

methane was carried out on Fe2O3@SBA-16 with an oxygen
carrying capacity of 5.4%, and the results are shown in Figure
2C,D. This is the optimal nanoparticle loading with minimal
surface agglomeration. Both lower temperatures (370−430
°C) and higher temperatures (650−850 °C) were applied to
test the reactivity of Fe2O3@SBA-16 in broad temperature
windows (Figure 2). The onset reaction temperature was as
low as around 400 °C in Fe2O3@SBA-16, which is 600 °C
lower than bulk Fe2O3

1 and 150 °C lower than the Ni-rABO3
system10 oxygen carriers. Significantly increased reactivity is
observed at higher temperatures due to the higher kinetic
energy of molecules. The overall selectivity to syngas for
Fe2O3@SBA-16 is higher than 95%, exceeding the maximum
value of 87% that other transition metal oxide systems10 can
achieve. The high selectivity is induced by the size effect of the
Fe2O3 nanoparticle oxygen carriers that substantially promote
syngas formation. Mechanistically, Fe2O3 nanoparticles less
than 8 nm facilitate CH4 adsorption and activation due to an
upward shift of the Fe d-band, while promoting the Fe−O
bond cleavage and CO and H2 over CO2 and H2O formation
in methane conversion.23 In this work, the nanoparticle sizes in
Fe2O3@SBA-16 are in the range of 3−6 nm. Consequently,
methane conversion kinetics is significantly promoted in
Fe2O3@SBA-16. A ratio of H2:CO at 2:1 indicates no carbon
deposition during the TPR test.
In order to mimic the harsh environment in CLPO, the

reactivity and stability of Fe2O3@SBA-16 was tested at an
elevated temperature of 800 °C for 100 redox cycles. Figure 3

Figure 2. Experimental results for Fe2O3@SBA-16. (A) TEM image of fresh Fe2O3@SBA-16. (B) TEM image of Fe2O3@SBA-16 after 100 redox
cycles (inset scale 1 nm). (C) TPR result of Fe2O3@SBA-16 at 370−430 °C. (D) TPR result of Fe2O3@SBA-16 at 650−850 °C.
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shows the conversion rates of Fe2O3@SBA-16 during the 1st,
20th, 40th, 60th, 80th, and 100th cycle. As comparison, we also
tested Fe2O3@SBA-15 with a surface area of 436m2/g and
particle size of 5−8nm. The average conversion rate for
Fe2O3@SBA-16 is 26% in 5 min, which is 52 and 660% higher
than Fe2O3@SBA-15 and bulk Fe2O3,

1,34 respectively. Minimal
fluctuation in conversion rates during 100 continuous cycles
(Figure S4) indicates high chemical and physical stability in
Fe2O3@SBA-16. No carbon deposition has been observed at
the elevated temperature of 800 °C, suggesting Fe2O3@SBA-
16 has higher carbon inhibition capability than perovskite
nanomaterials.
3.2. Visualization of Diffusion Modeling. Due to the

similar pore size and surface area in Fe2O3@SBA-15 and
Fe2O3@SBA-16, one can expect identical intrinsic kinetics
dominated by the size effects.23 Hence, the much higher
conversion rate in Fe2O3@SBA-16 is believed to relate to
structure-dependent gaseous diffusion. Grand canonical Monte
Carlo (GCMC) simulations along with dynamic Monte Carlo
(DMC) simulations31 were conducted in this study, with the
computational details given in the Supporting Information.
The model configurations of SBA-15 and SBA-16 frameworks
are shown in Figure 4, where the geometrical parameters are
consistent with the experimental results. Since the pore
diameters are much smaller than the mean free path of the
methane molecules, Knudsen diffusion of methane is
considered as the dominating transport mechanism in both
SBA-15 and SBA-16. This is confirmed by the GCMC

simulations in the range of temperature from 600 to 800 °C,
where the calculated low methane loadings in SBA-15 (7−9
CH4 molecules/unit cell) and SBA-16 (4−5 CH4 molecules/
unit cell) indicate that CH4-surface collisions is much more
frequent than the intermolecular collisions.
DMC simulations discover varying morphological effects of

the Fe2O3 nanoparticles supported by different mesoporous
networks on the CH4 diffusivity (DCH4

). Figure 5 features the

mesoporous networks of Fe2O3@SBA-15 and Fe2O3@SBA-16
adopted in the DMC simulations, and Figure 6 illustrates the
influence of nanoparticle size and loading on DCH4

. As shown
in Figure 6, DMC simulations reveal that the dependence of
DCH4

on nanoparticle size is distinct between Fe2O3@SBA-15

and Fe 2O3@SBA-16 . DCH 4
o f F e 2O3@SBA-15

(DCH4, Fe2O3 @ SBA − 15) decreases significantly with increasing

nanoparticle sizes, whereas DCH4
of Fe2O3@SBA-16

(DCH4, Fe2O3 @ SBA − 16) is nearly independent of nanoparticle
size. A critical relative diameter between nanoparticles and
mesopore (dr

c r i t i c a l ) is establ ished to determine
DCH4, Fe2O3 @ SBA − 15 and DCH4, Fe2O3 @ SBA − 16 under different

particle loadings. DCH4, Fe 2O3 @ SBA − 16 is higher than

DCH4, Fe2O3 @ SBA − 15 in the region above dr
critical, whereas

DCH4, Fe2O3 @ SBA − 16 is lower than DCH4, Fe2O3 @ SBA − 15 in the
region below dr

critical. The dr
critical is between 0.93 and 0.95 in this

simulation when the nanoparticle loading is 0.10 and 0.04,

Figure 3. Redox cycle results of Fe2O3@SBA-16 compared with
Fe2O3@SBA-15 and bulk Fe2O3.

Figure 4. Unit cells and porous networks of SBA-15 and SBA-16. From left to right: unit cell for SBA-15, unit cell for SBA-16, porous network for
SBA-15, and porous network for SBA-16. Oss denotes oxygen atoms connecting with two silicon atoms; Osh denotes oxygen atoms in the surface of
−OH.

Figure 5. Illustration of trajectories of methane in DMC simulations
for (A) Fe2O3@SBA-15 and (B) Fe2O3@SBA-16.

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c01495
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01495/suppl_file/ae0c01495_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01495/suppl_file/ae0c01495_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01495?fig=fig5&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01495?ref=pdf


respectively, indicating a high dr facilitates methane diffusion in
Fe2O3@SBA-16.
Here, we discover two distinct factors that have a significant

impact on methane diffusivity. The congestion effect is defined
as the phenomena that confines methane molecule diffusion in
the space between Fe2O3 nanoparticles and the internal surface
of the silica wall. The trapping effect is defined as the
phenomena that methane molecules are caged in the space
created by neighboring Fe2O3 nanoparticles. Both effects are
illustrated in Figure 6. The very different sensitivity of DCH4

with respect to nanoparticle size between Fe2O3@SBA-15 and
Fe2O3@SBA-16 can be attributed to their distinct flow
patterns, which are dictated by the morphology of the
mesoporous networks shown in Figures 5 and 6. For
Fe2O3@SBA-15, the mesopores are constructed by 2-D
cylindrical channels; as a result, methane molecules would be
trapped in the spaces between neighboring nanoparticles by
the narrow spaces between the nanoparticle and the silica wall
when the nanoparticle size becomes considerable, as shown in
Figure 5. On the other hand, mesopores in Fe2O3@SBA-16
adopts a fully connected 3-D body-centered cubic structure,
which substantially mitigates the trapping effect with a minimal
congestion effect by allowing the molecules to bypass through
the micropores that surround the mesopore cavity, as shown in
Figure 5. Therefore, DCH4, Fe2O3 @ SBA − 15 is found much higher

than DCH4, Fe2O3 @ SBA − 15 when the relative diameter is above
dr
critical, as presented in Figure 6. Figure 6 further considers the
cases where the size of dispersed nanoparticles follows the
cutoff normal distribution, which matches the experimental
observations from TEM and redox performance in the current
study. It is also worth pointing out that DCH4, Fe2O3 @ SBA − 15 is

higher than DCH4, Fe2O3 @ SBA − 16 when the relative diameter is
below dr

critical, as indicated in Figure 6. This can be explained by
the fact that CH4 diffuses faster in the framework of SBA-15
than SBA-16 without the presence of nanoparticles as shown in
Figure 6. Thus, when the loading particles possess small sizes,
the congestion effect and trapping effect in the SBA-15
framework can be overcome. The nanoparticle trapping effect
is also reflected by the results in Figure 6 that a higher loading

leads to a lower DCH4
in both mesoporous networks. In short,

the DMC results demonstrate the necessity of considering the
trapping effect and congestion effect of nanoparticles and
mesoporous structures on diffusivity, and the insights derived
from this study are of great importance to the optimization of
the reactive performance of future mesoporous supported
materials.

4. CONCLUSIONS

This study demonstrates that Fe2O3@SBA-16 exhibits high
syngas selectivity of 95% in chemical looping methane partial
oxidation. The effective temperature for syngas generation has
a broad window of 400 and 800 °C in Fe2O3@SBA-16, which
can sustain a variety of harsh environments in CLPO. This
study opens up the path for nanoscaled oxygen carriers that
can exhibit minimal high-temperature reactivity deterioration
and adapt to broader operating temperature windows for
chemical looping technology. While the intrinsic reaction
kinetics for Fe2O3@SBA-16 is identical to other mesoporous
oxygen carriers and is dominated by the nanoparticle size
effect, its conversion rate is 60 and 660% higher than Fe2O3@
SBA-16 and bulk Fe2O3, respectively. The DMC simulation
confirms that the significant enhancement in the Fe2O3@SBA-
16 conversion rate is highly related to its mesoporous structure
and pore configuration. Specifically, the 3-D interconnected
pore structure of SBA-16 exhibits a minimum variation of gas
diffusivity versus nanoparticle size under a fixed Fe2O3

nanoparticle loading, whereas the 2-D cylindrical structure in
other supports such as SBA-15 exhibits the nanoparticle size-
sensitive diffusivity. Consequently, the reactivity is much
higher in Fe2O3@SBA-16 compared with Fe2O3@SBA-15 over
a wide range of operating temperatures. This work elucidates
the relationship between mesopore structures and gas
diffusivity in the CLPO methane conversion. It can provide
new perspectives on redox material synthesis in chemical
looping technology innovation.

Figure 6. Diffusivity of Fe2O3@SBA-15 and Fe2O3@SBA-16. D0 = vavelunitcell, where vave is the average gas velocity and lunitcell = 10.24 nm,

d
d

dr
nanoparticle

mesopore
= . (A) Diffusivity results with uniform particle size. (B) Diffusivity results with varying particle sizes obeying the cutoff normal

distribution in section [5 nm, 7.98nm] for SBA-15 and [3nm, 6nm] for SBA-16.
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