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ABSTRACT. This study reports molten metal (bismuth, indium, tin) as effective modifiers for iron-
based redox catalysts in the context of chemical looping-based hydrogen production at intermediate-
temperatures (450 °C-650 °C) from low calorific value waste gas (e.g. blast furnace gas). The effects
of bismuth promoter on both surface and bulk properties of iron oxides were studied in detail.
Transmission electron microscopy and energy dispersive spectroscopy (TEM-EDS), Low energy ion
scattering (LEIS), Raman spectroscopy, and 30, exchange experiment revealed that the bismuth
modifier forms an overlayer covering the bulk iron (oxides), leading to better anti-coking properties
compared to reference, Lao.sSro2FeOs3 and Ceo.oGdo.1O2 supported iron oxides. The Bi modified sample
also exhibited improved anti-sintering properties and high redox activity, resulting in 4-fold increase
in oxygen capacity compared to pristine Fe;O3 (28.9 wt.% vs. 6.4 wt.%) under cyclic redox reaction at
550 °C. Meanwhile, a small amount of bismuth is doped into the iron oxide structure to effectively
enhance its redox properties by lowering the oxygen vacancy formation energy (from 3.1 eV to 2.1
eV) and the energy barrier for vacancy migration, as confirmed by experimental results and density
functional theory (DFT) calculations. Reactive testing indicates that the Bi modified redox catalysts
are highly active to convert low calorific value waste gases such as blast furnace gas. Our study also
indicates that this strategy can be generalized to low-melting point metals such as Bi, In, and Sn for

iron oxide modification in chemical looping processes.

1. INTRODUCTION

Iron and steel manufacturing is one of the most energy-intensive industrial subsectors, accounting for
7% of total direct global CO emissions and around 5% global energy consumption.' An important
approach to reduce the CO, emissions from the steel industry resides in efficient usage of its by-product
gas such as blast furnace gas (BFG). BFG is composed of 0-28% CO, 1-5% Ha, 17-25% CO», and 50-

55% N».> When burnt as fuel, BFG has a very low heating value (~ 0.9 kWh/Nm?®). This limits its



applicability for power generation. Therefore, BFG is often mixed with coke oven gas or flammable
supports such as natural gas to sustain combustion.*> This, however, further increases CO» emissions
and the power generation efficiencies are limited. Carbon Capture and Storage (CCS) techniques can
be used to reduce the CO, emissions from BFG combustion,®’ but state-of-the-art CCS technologies
would add significant cost and energy penalties.®!° Therefore, efficient approaches to convert BFG or

coke oven gas into clean energy carriers such as hydrogen is highly desirable.

Although hydrogen can be produced from BFG via water-gas-shift (WGS) reaction followed with
gas separations, this conventional approach would be rather inefficient due to the presence of large
amounts of N, and CO in BFG. Chemical looping approaches, on the other hand, perform fuel
conversion and water-splitting in separate steps, providing an inherently concentrated hydrogen
product.!'"!* Originally proposed for CO, capture from fossil fuel combustion, the chemical looping
gasification (CLG) or chemical looping water-splitting (CLWS) approaches have received increased
attention.'*'® Briefly, an oxide-based oxygen carrier is used to convert a fuel into hydrogen and/or heat

via a cyclic redox process.'”

Iron oxide is the most commonly investigated oxygen carrier for CLWS due to its high oxygen
capacity and its suitable thermodynamic properties when compared to other first-row transition metal
oxides.”*?” Taking Fe,Os as an example, Fe>O;3 can be reduced by BFG to produce metallic Fe’ in the
reduction step. In the subsequent water-splitting step, the metallic Fe® can be re-oxidized with H,O to
produce Fe3O4 and H,. Fe3O4 can be either directly used for the next redox cycle to react with BFG, or
can be further re-oxidized with air in an additional re-oxidation step into Fe>Os. The theoretical oxygen
capacity of Fe,Os is 30 wt.% and its maximum usable capacity for H, production is 16.7 mol Hx/kg
Fe>Os per cycle, far exceeding any other oxygen carriers. However, while thermodynamically iron
oxide is favored for the CLWS of BFG, iron-based oxygen carriers face a number of practical

challenges such as sintering (mainly for the Fe” phase), coke deposition, and limited activity especially



at relatively low temperatures (<700 °C).>* 2830 Deposition of iron oxide on an inert or mixed ionic-
electronic conductive (MIEC) ceramic supports can enhance its redox activity and coke resistance.?!”

37 However, this negatively impacts its oxygen carrying capacity.

Besides support materials, dopants of relatively small amount, i.e. <<10 wt.%, have also been
used to increase Fe,Os’s activity and stability. For example, Qin et al.*®* doped 1 wt.% of lanthanum
oxide in Fe»O3 and found the reactivity and recyclability on CO combustion was improved without any
significant change in the crystal phase and oxygen capacity after several redox cycles. The CO
combustion reactivity increased by 233% and the air regeneration reactivity increased by 266% at 700
°C on 1% La-doped oxygen carrier, since La dopants lower the barriers of the C-O bond activation.
Chen et al.*’ investigated 1 at.% Ni and Cu doping effect in hematite and found that the dopants can

significantly lower the energy barrier in both CH4 and CO oxidation.

Despite of these promising findings, the coke formation and/or carburization on Fe® have received
relatively little attention. This is an important issue in CLWS as any coke or carbide will be mostly
converted to CO in the water splitting step. This not only affects the purity of H» product stream, but
also adds limitations in applications such as proton exchange membrane (PEM) fuel cell as CO is a
poison on the Pt catalyst. Moreover, further enhancement in the oxides’ redox catalyst and coke

resistance, especially at lower operating temperatures, are highly desirable.
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Figure 1. Simplified schematic of the chemical looping water-splitting process with liquid metal shells
at intermediate-temperatures: (1) reduction with steel mill waste gas (CO + H>), (2) steam oxidation

for H» production, and (3) air oxidation to fully regenerate the iron oxide.

The present work reports low-melting point metals (LMPMs) modified iron oxide as effective
redox catalysts for CLWS of low calorific waste gas (Figure 1). Different from the conventional,
supported iron oxides, experimental tests, characterizations, and DFT calculations revealed that both
surface and bulk of iron oxide are enhanced by merely 1 wt.% of LMPM promotion. Specifically, Bi
enrichment on the oxide surface improved coke and sintering resistance whereas incorporation of a
small amount of Bi (<<1 wt.%) in the bulk enhanced the reducibility of the oxide, as will be elaborated

in a later section titled effect of Bi-modification and redox reaction mechanism. The influence of the



redox catalyst surface and bulk traits on the reactive performance displayed by bismuth-modified
catalysts were thoroughly analyzed. The remarkable enhancements obtained by 1% Bi-Fe,O3 allows
high oxygen capacity (~29 wt.%), excellent coke-resistance, and superior activity at intermediate-

temperatures (450 °C-650 °C).

2. EXPERIMENTAL

Redox catalyst synthesis. All the redox catalysts were synthesized through a solid state reaction (SSR)
method. The nominal compositions of these redox catalysts were summarized in Table 1. The SSR
precursors include Fe;O3 (99.9%, Sigma-Aldrich), Bi2O3 (99.9%, Sigma-Aldrich), In2O3 (99.9%,
Sigma-Aldrich), Sn203 (99.9%, Sigma-Aldrich), Lao sSro2FeOs (LSF, Praxair Specialty Ceramics), and
Ce0.9Gdo.102 (GDC, Sigma-Aldrich). Stoichiometric amounts of LMPMs, MIEC ceramic supports or
Fe»03, and 20 to 30 AL,O;s grinding balls were added into a stainless steel jar. The jar was then sealed
and ball-milled for one hour in a high-energy ball mill (JY7124-SWC). The material was finally

collected and calcined in a tube furnace at 750 °C for 8 h with airflow.

Table 1. Summary of the redox catalysts synthesized.

Sample no. Composition (wt. %)

0.01% Bi-Fe;03 0.01% Bi203, 99.99% Fe»0s3
0.1% Bi-Fe,03 0.1% Bi203, 99.9% Fe203
1% Bi-Fe203 1% Bi203, 99% Fe 03

5% Bi-Fe O3 5% Bi1203, 95% Fe203

30% Bi-Fe;03 30% Bi203, 70% Fe203

1% In-Fe>O3 1% In203, 99% Fe20s

5% In-Fe,0s 5% In203, 95% Fe20s

5% Sn-Fe>O3 5% Sn>03, 95% Fe 03



30% GDC- Fe20Os 30% Ce.9Gdo.102, 70% Fe2O3
30% LSF- Fe,O3 30% Lag 3Sro2FeOs, 70% Fe O3

Fe;O3 100% Fe>0O3

Redox catalyst characterizations. XRD data were obtained using a PANalytical Empyrean X-ray
diffractometer with CuKo radiation (A=1.5418 A) in a 2 theta range of 15° to 80°. The step size and
time per step used in these measurements are 0.013 degree and 298 sec/step, respectively. A Bragg-
Brentano setup and a PIXcellD detector were used during the data collection. A structural Rietveld
refinement was performed to quantify the phase fractions, distributions and the lattice parameters in
the samples using HighScore Plus software. The elemental compositions of the as-prepared redox
catalysts were quantified by inductively coupled plasma optical emission spectrometry (ICP-OES,
Agilent 720) and X -ray fluorescence (XRF) using an XRF-1800 Analyzer (Shimadzu Corp., Kyoto,
Japan). High-resolution transmission electron microscope (TEM) images and energy dispersive
spectroscopy (EDS) mappings were recorded on a STEM (FEI Talos F200) operated at 200 kV. Raman
spectra were acquired on Horiba Jobin Yvon LabRam equipped with a CCD detector and a microscope
with a 100 x objective lens. Low-energy ion scattering (LEIS) was conducted on 1% Bi-Fe,O3 and 1%
Bi-Fe at the Surface Analysis Center at Lehigh University with an ION-TOF Qtac'® for surface
compositional analysis and depth profiling. A 3 keV He" (1 x 10" ions cm? cyc™', 1.5 x 1.5 mm raster)
primary ion beam was used at 3000 eV pass energy, while a 0.5 keV sputtering source (1.0 x 10'® jons
cm™ cyc”, 2 x 2 mm raster) was used at 30° angle to the sample surface for depth profiling. During
the spectra acquisition and sputtering, charge neutralization was invoked. 'O, isotope exchange
experiments were conducted on 0.1% Bi-Fe>Os, Fe,O3 as described by our previous study. 50 mg of
redox catalyst was loaded into a 1/4 in. O.D. x 1/8 in. I.D quartz U-tube reactor and was heated under

a 5% '%0, flow balance Ar. Once reaching the temperature setpoint, 1 mL pulses of 5% 80, was



injected into the reactor. A total of 2 pulses 2 min apart were injected. m/z = 34 and 36 were measured
on a quadrapole mass spectrometer (QMS, MKS Cirrus II), to determine the amount of oxygen
exchange in each pulse. Nitrogen (m/z = 28) was tracked in order to determine the integration limits
for each pulse. A room-temperature pulse injection was used to determine a pulse where oxygen
exchange did not occur. The initial tested was 450 °C, and the temperature was raised in 50 °C

increments to 700 °C.

H>-TPR, steam-TPO and isothermal reduction by syngas were conducted in a thermogravimetric
analyzer (Q600 SDT, TA, USA) (TGA). Up to 20 mg powdery samples were loaded into the TGA.
For H>-TPR, hydrogen, a major component of syngas, was used for an initial evaluation. The sample
was first heated from room temperature to 100 °C at a ramping rate of 10 °C min™', after which the
temperature increased from 100 °C to 650 °C at a ramping rate of 5 °C min™! under a continuous flow
of 10% H> (200 ml min™', balance Ar). For steam-TPO, the sample was first pre-treated at 550 °C with
H; for a full reduction and was then cooled back to 100 °C under continuous flow of Ar. The chamber
then increased from 100 °C to 650 °C at a ramping rate of 5 °C min™' under a continuous flow of 2 %
steam generated from a water bubbler (200 ml min™', balance Ar). For the isothermal reduction
experiment, the sample was first heated from room temperature to the desired reaction temperature at
a ramping rate of 10 °C min™'. At the reaction temperature, the sample was reduced by flowing syngas
(200 ml min™', balance Ar) continuously for 100 min. The heat conductivity signals were recorded with

a thermal conductivity detector (TCD) in the TGA along with the mass change at the same time.

Redox experiments and phase segregation tests. Cyclic redox experiments were conducted using
the TGA. On the H»>-O> cycle, the samples were first heated from room temperature to 550°C at a rate
of 10 °C min™'. Then, a continuous flow of 30% hydrogen (200 ml min™', balance Ar) was introduced
into the chamber for 20 min as the reduction step. The chamber was then purged with Ar for 10 min.

Then, a continuous flow of 10% O (200 ml min™!, balance Ar) was passed through the chamber for 20



min as the oxidation process and following another 10 mins N> purge prior to the initiation of another
redox cycle. On the syngas-steam cycle using temperature swing, the samples were first heated from
room temperature to 600°C at a rate of 10 °C min™'. Then, a continuous flow of 25% syngas (200 ml
min™', balance Ar) was introduced into the chamber for 20 min in the reduction step, and cooled back
to 450 °C under continuous flow of Ar. Then, a continuous flow of 2.34 % steam from bubbler (200
ml min!, balance Ar) was passed through the chamber for 150 min as the oxidation step. And the end
the oxidation step, the chamber was heated up to 600°C to the initiation of another redox cycle. Phase
segregation tests also carried out in a TGA. Iron-based redox catalyst was first heated from room
temperature to 650 °C at a rate of 10 °C min™'. Then, a continuous flow of 30% hydrogen (200 ml min-
!, balance Ar) was introduced into the chamber till the sample weight decreased to 89% of its original
weight before reduction. Then, 200 mL min" of pure Ar was passed through the chamber and the

chamber was cooled back to 500 °C and was held at that temperature under Ar for 2 hours.

Computational details. First-principles simulations were performed at the DFT level implemented by
the Vienna ab initio Simulation package (VASP)*' with the frozen-core all-electron projector
augmented wave (PAW) model* and Perdew-Burke-Ernzerhof (PBE) functions.** A kinetic energy
cutoff of 450 eV was used for the plane-wave expansion of the electronic wave function, and the
convergence criterions of force and energy were set as 0.01 eV A—1 and 107> eV respectively. A
Gaussian smearing of 0.1 eV was applied for optimizations. A k-point grid with a 4 x 4 x 2 Gamma-
centered mesh for sampling the first Brillouin zone was chosen for Fe,Os unit cell containing 30 atoms
and a 7 x 7 x 7 Gamma-centered mesh was set for Bi unit cell containing 2 atoms. The strong on-site
coulomb interaction on the d-orbital electrons on the Fe sites were treated with the GGA+U approach
with Uer = 4 eV.** The climbing image nudged elastic band (CI-NEB) method was applied for

transition sate optimization.*® The adsorption energies are computed with E s = Ecyr + Emor —



Ecr—mot> Where Eq i, Enors Esur—mor T€present the total energies of the pristine surface, the free-

standing molecule, and the adsorbed configurations, respectively.

3. RESULTS AND DISCUSSION

Reactive performance of Bi modified iron oxides. To confirm the structural properties of the redox
catalysts, XRD patterns of the as-prepared Bi-Fe redox catalysts were obtained (Figure 2). The
characteristic peaks of the FeoO3 phase were detected for the all the samples, and Bi,O3 phase was not
observed. When Bi loading is above 5%, BixFesO9 (Garnet phase) and BiFeOs (Perovskite phase) were
formed. This is consistent with the Bi-Fe-O phase diagram.*’**® With the exception of 30 wt.% Bi
sample, the intensities of the Fe,Os characteristic peaks remained nearly unchanged. A more detailed
comparison of the peak positions indicates that the diffraction peaks in the Bi-modified redox catalysts
systematically shifted towards slightly lower 260 angles when compared to those of pure iron oxides.
This indicates that a small fraction of bismuth cation can be doped into the iron oxide phase.
Meanwhile, Rietveld refinements on the pure Fe.O3 and low Bi content redox catalysts (0.01%, 0.1%,
1%) indicate that the lattice parameter changes are very small but are systematically increased with
increasing Bi content. For instance, the unit cell volume increased from 301.7 A* (pure iron oxide) to
302.1 A3 (1% Bi-Fe;0;). Further details are summarized in Table S1 and Figure S1. The low Bi
content redox catalysts maintained a hexagonal close-packed structure of Fe;Os. Further information
about the XRD spectra and Rietveld refinement results can be found in the supplementary file. The
ICP and XRF results (Table S2 and S3) confirm that the actual compositions of the samples are similar
to their nominal values. Potential contamination from the ball milling process and the stainless-steel
grinding jar is negligible. In order to determine if the bismuth modifier has an effect on the reactive
performance, extensive reduction and oxidation experiments were performed on both pristine and Bi

modified iron oxide redox catalysts.
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Figure 2. XRD patterns of the as-prepared Bi-Fe,Os redox catalysts, and enlarged views of Fe,O3 peak

shift of the (110) plane.

To determine their redox properties, H>-TPR, steam-TPO, and isothermal reduction by syngas were
performed on the redox catalysts. Reaction temperatures were limited to 650 °C given the focus was
to enhance the redox activity at intermediate temperatures and to avoid volatilization of metallic
bismuth for the high Bi loading sample. As shown in Figure 3a, all the as-prepared redox catalysts
underwent a two-step reduction, which is indicative of FexO3) — Fe30u) — Fe), and the weight
loss curve was plotted in Figure S2a. Pristine Fe;O3 was reduced at 400 °C and 565 °C, respectively,
and both peaks shifted to lower temperatures (~345 °C and ~530 °C) for the as-prepared Bi-Fe redox
catalyst. Meanwhile, 1% Bi-Fe,O3; showed the lowest peak temperatures of 341 °C and 528 °C,
respectively. This indicates that BiOy effectively improves the oxygen ions migration from the bulk
lattice to the surface. Notably, very low bismuth modified 0.01% and 0.1% Bi-Fe;O3 also exhibited

enhanced reducibility. To verify the effect of Bi-doping and to rule out potential contaminants from
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the ball milling process, a hand mixed 1% Bi-Fe>O; redox catalyst was also prepared and evaluated
with H»-TPR (Figure S2b and S2¢). The hand mixed sample also showed demonstrably better
performance than unmodified Fe,>O3s, confirming the effectiveness of the Bi modifier. Meanwhile, it is
noted that the sample prepared with the high energy ball mill is slightly more active than hand mixed
sample, this is likely to be due to better mixing of Bi and iron oxide. To determine the water-splitting
properties of the redox catalysts, steam-TPO was conducted over pre-reduced 0.01%, 0.1%, 1%, 5%
Bi-Fe redox catalysts and metallic iron (Figure S2d). As seen in Figure 3b, all redox catalysts
underwent a one-step oxidation, which is indicative of Fe’s) — Fe3Oa), and the peak temperature for
pure iron was 526 °C compared to 417 °C for 1% Bi-Fe. It is noted, however, that 5% Bi on Fe
exhibited a higher peak temperature of 517 °C for water splitting, suggesting that higher bismuth

loading hinders the activity.

Inhibition of coke formation by Boudouard reaction is another important challenge for efficient BFG
or syngas conversion at intermediate temperatures. The reaction behaviors with 10% syngas
(CO/H2=1:2) are shown in Figure 3c¢. The redox catalysts showed a high reducibility and coke-
resistance. Unlike Bi-Fe redox catalysts, pristine Fe,O3, GDC-Fe;03, and LSF-Fe.O3 were not fully
reduced by syngas due to thermal decomposition of CO which deposits carbon on the catalyst surface.
This suggests that while MIEC modifier such as LSF and GDC could enhance reactivity significantly,
both perovskite-type promoter and fluorite-type promoter could not suppress the severe coke formation
at relatively low operating temperatures (550 °C) when compared to typical chemical looping reaction
temperatures >800 °C. This is not surprising as Boudouard reaction is thermodynamically favored at
lower temperatures. While iron oxides modified with >1wt.% Bi,O3 exhibit excellent coke resistance,
coke formation was observed on 0.1% Bi-Fe;O; after 10 min deep reduction, indicating that a minimum
bismuth loading is required to effectively inhibit coking. Coke formation was further evaluated in a

fixed-bed reactor at 550 °C (reduction in 25 vol % syngas balance Ar for 15 min, oxidation in 10 vol

12



% oxygen balance Ar for 15 min, shown in Figure 3d). Oxidation of pristine Fe.O; reduced by syngas
forms a large amount of CO and CO», indicating severe coking during the reduction in syngas. In
contrast, coke formation on 1% Bi-Fe redox catalyst was not detectable. 1% Bi-Fe,O3; was further
tested with a BFG simulant, with 25 vol % CO and H» at a 4:1 molar ratio balance Ar (Figure S3).
Excellent coke resistance was still observed. In summary, bismuth modifier shows outstanding
performance on both surface and bulk of iron-based redox catalysts. The role of the bismuth modifier

will be further discussed in the mechanistic section.

@ )

Fe,0,+BiO_ Fe,0 +Bi’ Fe'+Bi’ Fe'+Bi’ Fe,0+Bl’

1517 °C

5% Bi-Fe,0,

5% Bi-Fe,0, i

k41 °C

0.1% BiFeO,

1346°C I

0.1% BiFe,0, g i

DTG (% °Ch

DTG (% °CY)

0.01% Bi-Fe,0,

1349 °C g
0.01% BiFe,0, i

B e e e | —T T T
200 250 300 350 400 450 500 550 600 650

Temperatare (*C'
10 Fe.O CO
’g‘ 3' €Y,
=
r
5
~ o".
& > =
g
[ |
:;5 30% Bi-Fe,0, g o | 1%Bi-Fe,0, —COo
= g0 —— 00,
: °r
5% BiFe,0, E Ll
g
[ 2+
B S e . e e e e e = = L
) ) o 2 1 6 8 10 12 1
Time (min) Time (min)

Figure 3. (a) DTG profile of H>-TPR on as-prepared Bi-Fe;O; redox catalysts; (b) DTG profile of

steam-TPO on the Bi-Fe,O3; redox catalysts; (c¢) syngas reduction of as-prepared Bi-Fe,Os; redox
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catalysts and reference catalysts at 550 °C; (d) COx evolution when oxidizing syngas reduced samples

with O in a packed bed reactor at 550 °C.

The cyclic redox performance of the redox catalysts was determined in TGA at 550 °C. Figure 4a and
4b plot the recorded changes in the sample mass during reduction (in H2) and oxidation (in O;) as a
function of time. As can be seen, pure Fe,O3 exhibited notable deactivation over 10 cycles whereas
1% Bi-Fe>O; redox catalyst remained active. This indicates that even at a relatively low redox reaction
temperature, unmodified iron particles would still sinter, causing deactivation. This sintering induced
deactivation was corroborated by XRD patterns as the re-oxidized iron oxide still exhibited obvious
metallic iron peak (Figure S4). In contrast, 1% Bi-Fe>O3 redox catalyst represents a 4-fold increase of
oxygen capacity compared to unmodified Fe,O3; sample (28.9% vs. 6.4%) in 10™ H»-O, redox cycle.
This indicates that the presence of 1% Bi would be effective to greatly enhance the sintering resistance
of iron oxide under redox conditions. Furthermore, the deactivated iron oxide, after reduction, has
larger crystallite size (~37 nm) for Fe than freshly reduced iron oxide (~20 nm). This further indicates
that re-oxidized iron oxide had severe sintering and the sintering was inhibited by the Bi layer on 1%
Bi-Fe,Os. Figure 4c¢ and 4d plot the changes in the sample mass during reduction (in BFG simulant)
and oxidation (in steam) as a function of time. Both samples exhibited slight deactivation. This may
have resulted from the inability of 2% steam, being a weak oxidant at low concentration, to fully re-
oxidize the sample to Fe3;O4 phase. This is consistent with the observation that a less than complete
reduction in each step (80%, shown in Figure 4d), improved the redox stability of the sample. We also
investigated H» stepwise and CO stepwise reduction for the 1% Bi-Fe>O3 sample in TGA (Figure S5a).
The reduction rate of CO was fast than H», indicating that the Bi promoted redox catalyst can be quite
effective for BFG conversion. Meanwhile, Ho/CO stepwise reduction and steam stepwise oxidation
with ex-situ XRD confirm the presence of metallic Bi (Figure SSb-c¢ and Figure S6a-b). This reveals

that the Bi enriched on the surface would be liquid Bi metal under H»/CO reduction and water re-
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oxidation cycles, since the melting point of Bi is 271.4 °C. To verify the long-term performance, cyclic
H»-H>O reactions were conducted over 60 cycles (Figure S7). Our instrumentation was limited to 2
vol.% steam injection and hence we adopted 50 shallow redox cycles followed 10 deep redox cycles
to save time. While deactivation was observed initially, the redox activity was stabilized after 30 cycles
and exhibited no obvious deactivation afterwards. Overall, satisfactory redox activity and oxygen

storage capacity were maintained.
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Figure 4. Sample mass as a function of time during H> reduction and oxygen oxidation in a TGA: (a)
1% Bi-Fe,O3 redox catalyst; (b) pure Fe.O3 sample. The experiments were performed at 550 °C using
30 % H: in Ar for reduction and at 550 °C using 10 % oxygen in Ar for oxidation. Sample mass as a
function of time for 1% Bi-Fe,O3; redox catalyst during syngas reduction and steam oxidation in a
TGA: (c) 100% reduction in syngas; (d) 80% reduction in syngas. The experiments were performed at
600 °C using BFG simulant, i.e. 25 % syngas (CO/H,=4:1) in Ar, for reduction and at 450 °C using 2

% steam in Ar for oxidation.

Effect of Bi-modification and redox reaction mechanism. Given Bi’s remarkable effectiveness to
retard coke formation, sintering, and iron oxide deactivation, further characterizations were performed
on Bi modified iron oxides. Figure 5 shows a high-angle annular dark-field (HAADF) image and the
corresponding EDS mappings of Fe and Bi of as-prepared 0.1%, 1%, 5% Bi-Fe;O3 and Fe, Bi, and C
of 1% Bi-Fe reduced by syngas. The EDS mappings of as-prepared redox catalyst reveal a core-shell
structure with bismuth enriching on the oxide surface. Similarly, the EDS mappings of 1% Bi-Fe
reduced by syngas redox catalyst also present a core-shell structure. Both shell and core material
showed insignificant carbon deposition. To further investigate the deposition of carbon on the reduced
redox catalyst, Raman spectra was obtained on both 1% Bi-Fe and pure Fe>O; reduced by syngas in
Figure S8. Likewise, Raman spectra of 1% Bi-Fe reflected no carbon species on the material surface,
which is consistent with the reactive performance and TEM results. In contrast, Raman spectra of pure
Fe»0; reflected carbon formation based on the D band and G band peaks at 1356 cm™ and 1628 cm™,
respectively.**° To further verify the surface enrichment of Bi, LEIS was conducted to quantify the
surface elemental composition and depth profiling of the redox catalysts. To identify the element
distribution of each atomic layer of the redox catalysts, LEIS was conducted over as-prepared 1% Bi-
Fe;Os3 and 1% Bi-Fe reduced by H». In Figure 6a, on the as-prepared 1% Bi-Fe.Os redox catalyst,

LEIS spectra taken near the surface layer shows a large surface peak from Bi and sub-surface
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background intensity from Fe, indicating Bi enrichment at the surface and a mixture of Bi and Fe in
the bulk. For the further information on peak area and Bi/Fe ratio, Figure S9a shows high-
concentration Bi throughout near-surface and Bi/Fe ratio decreases as a function of depth from 4.8 in
the first layer to 1.6 in the 25" layer. On the 1% Bi-Fe reduced by H, redox catalyst in Figure 6b, Bi
maintains a higher intensity, which is indicative of the surface enrichment, and Fe shows an increased
intensity compared to as-prepared 1% Bi-Fe,O3. Additional sputtering shows increased amounts of Fe,
yet Bi remained relatively the same; meanwhile, the peak area and Bi/Fe ratio remain a relatively stable
curve (Figure S9b). Since the coking and sintering resistance are primary determined by the first few

atomic layers, it has been shown that the bismuth layer on the surface benefits the redox performance.

5% Bi-Fe,0, redox catalyst

1% Bi-Fe,0; redox catalyst

0 nm

50 nm

0.1% Bi-Fe,0; redox catalyst
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Figure 5. HAADF and elemental mapping of the as-prepared 0.1%, 1%, 5% Bi-Fe,O3 redox catalysts,

the scale bar is 50 nm.
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Figure 6. (a) LEIS spectra over sputter cycles on 1% Bi-Fe>Os; (b) LEIS spectra over sputter cycles

on 1% Bi-Fe.

To further quantify the effect of surface Bi layer of the as-prepared Bi-Fe,O3 redox catalyst on oxygen
exchange activity, '80, pulsed isotopic exchange experiments based on the method reported by
Bouwmeester et al.’! were employed on as-prepared 0.1% Bi-Fe,Os and pristine Fe>O3. Under an
oxidizing environment, the surface would form a BiOy layer. Figure S10 shows the Arrhenius Plots of
the overall surface oxygen exchange rate data. The activation energy for the overall rate of oxygen
exchange was significantly higher on 0.1% Bi-Fe2O3 (101.3 kJ/mol) compared to pristine Fe;O3 (64.4
kJ/mol). This may contribute to slower rate of heat release from the oxidation reaction and hence
decreased sintering. We note that the O isotope exchange experiment can only be performed on fully
oxidized sample since reduced sample will take up the oxygen isotope. Therefore, the results cannot
provide information with respect to the effect of liquid Bi, which would present on the surface after
the reduction and H,O re-oxidation. The bismuth layer inhibits the overall exchange activity on the

catalyst surface by limiting the dissociative adsorption of O». This further confirm the effect of Bi,0O3
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as a surface modifier of the iron oxide, which can retard sintering. Meanwhile, DFT calculations were
performed to investigate the effect of the Bi overlayer. Adsorption of CO and H>O molecules on the
close-packed surfaces of Fe (110) and Bi(111) was considered, as shown in Figure S11a and S11b,
respectively. The results indicate stronger adsorption energy for H>O on the Fe(110) surface (Eags =
0.33 eV) when compared to that on the Bi(111) surface (Eags= 0.11 eV). Similarly, CO adsorption on
Fe(110) (1.94 eV) is much stronger than that on Bi(111) (0.04 eV). From the reaction standpoint, the
weakened CO adsorption on the Bi surface inhibits the contact between reducing gas (CO) and Fe,
surpassing the Boudouard reaction and hence inhibiting coke formation as demonstrated
experimentally. Meanwhile, surface enrichment of Bi in both reduced and oxidized forms of the redox
catalysts indicates that the redox reactions are likely to proceed via lattice oxygen migration through
the bismuth layer, as opposed to the migration of iron atom or cations. This is consistent with DFT
calculations, which indicate significant energy barrier uphill (3.20 eV) for iron migration from Fe
surface to the inner layer of Bi. (Figure 7a). The energy barrier, which is already prohibitively high at
0 K, can be even larger under experimental conditions due to two reasons: (1) the interatomic distance
of molten Bi is closer than that of crystalline Bi,*> making Fe harder to migration through the Bi layer;
(2) the movement of the Bi atoms in molten Bi is likely to further retard iron migration through Bi.
Therefore, the surface enriched Bi can serve as a protective layer to retard sintering resulted from Fe
migration, as confirmed by cyclic redox experiments (Figure 4) and X-ray diffraction results (Figure
S4). In terms of water-splitting, due to the stronger interactions with H>O molecule, Fe(110) can more
effectively catalyze the H,O splitting, with a low energy barrier of 0.77 eV, which is much lower than
that catalyzed by Bi(111) (1.75 eV) (Figure 7b). This explains the lower steam-TPO activity for 5%
Bi-Fe;0; than that for 1% Bi-Fe;Os. Overall, 1% Bi-Fe,O3 provides a balance among (a) sintering
resistance; (b) coke resistance; (c) and water-splitting activity. We note that the current DFT
calculations on the Bi layer, which aim to explore the ease of Fe migration through the Bi layer and

the preference of water splitting, used crystalline Bi as opposed to liquid Bi as the basis. Nevertheless,
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these results can provide useful information with respect to the relative energy trends considering that

the enthalpy change of molten Bi to crystalline Bi is merely 0.12 eV.

Bi(111)

Energy (eV)

Reaction Coordinate
Figure 7. (a) Computed reaction energy of Fe atom migration from Fe surface to the inner layer of Bi.

(b) Computed energy profiles of H>O splitting on Fe(110) and Bi(111).

While Bi is enriched on the surface, XRD and depth profiling via LEIS also indicate that a small
amount of Bi was doped into the iron oxide structure. To gain additional fundamental insights on the
dopant effect of Bi, DFT calculations were performed to explore the impact of Bi dopants on the
formation and diffusion of oxygen vacancy in bulk Fe,Os. The computed lattice constants of Fe,O3
bulk (a=5.114 A, b=5.114 A, c = 13.837 A) agreed well with the experimental values (a = 5.038 A,
b=5.038 A, ¢ =13.772 A). The model of Bi-doped Fe,Os was constructed by replacing one Fe cation
in pristine Fe,O3 with a Bi cation (Figure S12). The computed vacancy formation energy for the Bi-

doped Fe;0s is 2.11 eV, which is notably lower than that for pristine Fe.O3 (3.11 eV), shows that Bi

20



dopant facilitates iron oxide reduction. After Bi-doping, the migration of the lattice oxygen adjacent to
the Bi cation is sterically hindered, as evidenced by the high energy barrier of 2.86 eV (Figure 8).
However, for most oxygen sites away from Bi, the barrier for oxygen vacancy migration is enhanced
with a slightly lower barrier of 1.13 eV compared with that in pristine FeoOs (1.22 eV). In summary,

the presence of Bi dopant facilitates the reduction of iron oxide.

= ' 2 "
> >
2 0 2 o0
@ ]
& &
14 14
2 24
3 34
-4 -4
Reaction Coordinate Reaction Coordinate

Figure 8. Computed energy profiles of oxygen migration in (a) pristine Fe;Os and (b) Bi-doped Fe:Os.

Generality of the surface modification strategy. We found that the general concept of using a molten
metal to enhance the redox properties of iron oxides can be extended to other systems. In-Fe,O3 and
Sn-Fe,0s redox catalysts were prepared and tested. For the LMPMs, the melting points of bismuth,
indium and tin are 271.41 °C, 156.60 °C and 231.93 °C, respectively. Firstly, H>-TPR was performed
to characterize the reducibility of redox catalysts. As shown in Figure 9a and S13a, the H,>-TPR
profiles of pure Fe;Os exhibit extended reduction peaks and higher peak temperatures when compared
to Bi, In, Sn-Fe»Os3 redox catalysts. This indicates that small amounts of In and Sn also enhance the
reducibility of iron oxide. These redox catalysts also showed a high reducibility and coke-resistance
when reacting with BFG simulant (Figure S13b). A likely explanation for the improved coke-
resistance would be the liquid metal enrichment layer formed a coke-resistant layer, similar to Bi. To

further evaluate the performance in water-splitting, Figure 9b and S13c¢ compare the steam-TPO
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performance on 1%, 5% Bi-Fe and In-Fe redox catalysts. On the steam-TPO curve, there was only one
peak between 100 °C and 650 °C, indicating one oxidation step, Fe’s) — Fe3Ous). Notably, only 1%
Bi-Fe had an obvious peak shift on steam oxidation, and according to the reaction curve, 5% In-Fe
performed better than 1% In-Fe. Figure S13d-f plot the H»-O> cycle on Indium modified redox
catalysts. Unlike Bi-promoted sample, both In and Sn promoted Fe>O; exhibited deactivation after
oxygen regeneration. XRD indicates that sintering of Fe took place in both samples (Figure S13f) but
the extents of sintering are less severe compared to unmodified iron oxide (Figure S4). This indicates

that bismuth was the most effective promoter among the molten metals investigated.
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Figure 9. (a) DTG profile of H>-TPR on as-prepared Bi, In, Sn-Fe>O3 redox catalysts; (b) DTG profile
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of steam-TPO on Bi, In-Fe redox catalysts.

Process implications. The higher activity for 1%Bi-Fe>Os; syngas conversion and particularly for
water-splitting at relatively low temperatures offers interesting opportunities for effective BFG to
hydrogen conversion. Among iron (oxides), metallic iron is the most effective phase for water-splitting
whereas Fe;04 and Fe,O; are required for effective syngas conversion.'* However, reduction of iron
oxides often leads to FeO, as opposed to Fe, resulting from the difficulty to achieve both the highest
oxidization states (Fe3O4/Fe203) and the lowest oxidation state (Fe) in a simple redox loop. Meanwhile,

the lack of Fe would severely limit the steam to hydrogen conversion and hence the process efficiency.
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By lowering the temperature of a partially reduced 1% Bi-Fe>O; redox catalyst from 650 C to 500°C,
the wustite (Fei.x<O) phase spontaneously transforms to metallic iron and magnetite (Fe3O4) phases
(Figure S14a-c). While this is consistent with the phase diagram of iron oxides, such transition tends
to be extremely slow in the absence of Bi dopant. Converting FeO to Fe phase at lower operating
temperatures would greatly increase the steam to hydrogen conversion (K = 6.2 at 437 C, i.e. the steam
TPO peak temperature for 1% Bi-Fe;03). The water-splitting step would also fully re-oxidize Fe to
Fe304 (Figure 3b). The resulting Fe3O4 can be quite effective for BFG conversion at higher operating
temperatures (AG <0 at T > 700 C). Introduction of a small amount of air prior to the BFG conversion
step can further facilitate full combustion of the BFG. The unique operational options offered by Bi
modified iron oxide thus create interesting opportunities for efficiency enhancement for BFG

conversion.

4. CONCLUSIONS

The present study investigates the effect of liquid metal (Bi, In, Sn) modifiers on iron oxide-based
redox catalysts for blast furnace gas (BFG) conversion via a chemical looping approach. Specifically,
1 w.t.% Bi modified Fe,Os led to a 4-fold increase in oxygen capacity compared to unmodified Fe,Os.
The 1 w.t.% Bi Fe.Os exhibited excellent performance for BFG (CO/H,=4:1) conversion, water-
splitting, and air reoxidation during the cyclic redox reactions. Detailed characterization revealed that
a Bi overlayer covers the iron (oxide) substrate, which effectively retards the Boudouard reaction
during the BFG conversion step and inhibits the sintering of the iron oxide particles. Besides surface
enrichment, a small number of Bi cations are substituted into the bulk structure of the iron oxides,
enhancing their redox activity. DFT calculations corroborated with the experimental findings and
characterizations. First, CO adsorption on the Bi overlayer is significantly less favorable energetically,
thereby inhibiting the Boudouard reaction. Moreover, Fe migration into the Bi surface layer is a highly

endothermic process (3.2 eV). This retards the sintering of the iron oxide particles during the cyclic
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redox reactions, especially for the highly exothermic iron oxidation step. Moreover, Bi doping in Fe,O3
not only lowers the oxygen vacancy formation energy by 1 eV but also slightly lowers the energy
barrier for oxygen vacancy migration, leading to superior redox activity. Besides the Bi based modifier,
we also demonstrated that similar effects can be extended to other liquid metals such as In and Sn,
making it a generalized strategy to enhance iron oxides’ redox performance in the context of water

splitting and chemical looping reactions.
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SYNOPSIS. Bismuth modifier forms a liquid metal shell that effectively enhances the redox

activity and coke resistance of iron oxide based redox catalysts
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