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Abstract

We report a perovskite promoted iron oxide as a highly effective redox catalyst in a hybrid solar-
redox scheme for methane partial oxidation and water-splitting. In contrast to previously
reported ferrite materials, which typically exhibit 20% or lower steam to hydrogen conversion,
Lag gSrp,FeOs.5 (LSF) promoted Fe;O4 is capable of converting more than 67% steam with high
redox stability. Both experiments and a defect model indicate that the synergistic effect of
reduced LSF and metallic iron phases is attributable to the exceptional steam conversion. To
further enhance such a synergistic effect, a layered reverse-flow reactor concept is proposed.
Using this concept, over 77% steam to hydrogen conversion is achieved at 930 °C, which is 15%
higher than the maximum conversion predicted by second law for unpromoted iron (oxides).
When applied to the hybrid solar-redox scheme for liquid fuels and hydrogen co-generation,
significant improvements in energy conversion efficiency can be achieved with reduced CO,
emissions.

Besides being an important feedstock for petroleum and chemical industry, hydrogen is
identified as an attractive, zero-emission fuel due to its high (weight-based) energy density.' At
present, over 90% hydrogen is produced from fossil fuels, leading to notable greenhouse gas
emissions from a life cycle standpoint. Unlike conventional reforming or gasification based
approaches, water-splitting has the potential for hydrogen production with minimal
environmental impacts. Extensive research has been conducted on H, generation using
renewable resources.”” Compared to photocatalytic water-splitting, thermochemical routes offer
the potential to transform thermal energy to H; in a relatively simple yet effective manner. As an
alternative to direct water thermolysis, which proceeds at extremely high temperatures
(>3000 °C), two-step solar thermochemical water-splitting based on metal oxide reduction and
oxidation (redox) cycles has emerged as a highly attractive approach.® Although a number of
promising redox materials and schemes have been developed*”, the metal oxide reduction step in
typical solar thermochemical water-splitting processes requires relatively high temperatures (>
1200 °C). In addition, steam conversion in the water-splitting step is often limited. An alternative
redox-based approach for water-splitting is the steam—iron process.” In such a process, lattice
oxygen in iron oxides is first removed by syngas, producing wiistite and/or metallic iron. The
reduced ferrites are then used for water-splitting and hydrogen generation. A number of
(supported) iron 0xides6, including Fe3O4-CeOz-Zr027, Fe304-A12038’9, Fe3O4-MgA120410 and
FegO4-Ceo.5Zro.502“, have been investigated for steam-iron applications. The reported steam to
hydrogen conversion is generally less than 20%. This, coupled with incomplete syngas
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conversion during the iron oxide reduction step, limits the process efficiency. We reported a
hybrid solar-redox scheme for liquid fuel and hydrogen co-production from methane and solar
energy.'” Using a perovskite-supported iron oxide, high process efficiency and near zero CO,
emissions for hydrogen generation are shown to be feasible. A key factor for the significantly
improved efficiency resides in the high steam to hydrogen conversion for water-splitting.

Low steam conversion in the water-splitting step will exert inevitable energy penalty on the
process, since the second law dictates that latent heat in the steam-H, product mixture cannot be
fully recuperated. A second law analysis (see ESI) indicates >3 kJ of exergy loss for every
additional mole of unconverted steam. In practice, steam to hydrogen conversion for metallic
iron and iron oxides is thermodynamically limited. For instance, at 930 °C, a maximum steam to
hydrogen conversion of 62.3% is calculated by thermodynamic equilibrium of the FeOx-H,0O-H;
ternary system (see ESI). Many of the iron containing redox materials exhibit even lower affinity
to oxygen, leading to lower equilibrium constants for the water-splitting reaction (Reaction 1).
The present article reports a highly effective, ferrite-based redox material for combined methane
partial oxidation and water-splitting. Using perovskite-promoted iron oxide coupled with a
layered reverse-flow reactor concept, over 77% steam to hydrogen conversion is achieved at
930 °C. The exceptional conversion, which is 15% higher than the maximum conversion
predicted by the second law for iron (oxides), is achieved through synergistic effects between
iron oxide and its perovskite support as well as a novel, layered reverse-flow reactor concept.

MeO,.; + H,O €= MeO, + H, Reaction 1

To validate their high efficacy for water-splitting, iron oxides with 25% and 40% La gSr2FeOs;.5
(LSF) support are prepared and tested in a fixed-bed reactor. The primary role of LSF support is
to provide ionic and electronic conduction pathways for effective removal and replenishment of
active lattice oxygen in iron oxides. Such an effect has been confirmed through our recent
studies.'”™ A reduced iron phase is first created by contacting the redox material with hydrogen
or CO. H; is used as reducing gas to rule out coke formation and its subsequent contribution
towards H, generation through steam-carbon reaction. When re-oxidized, steam to H, conversion
of these perovskite-supported redox materials (64+0.7% and 67+1.3%) as shown in Figure 1 are
consistently higher than those predicted by the FeOx-H,O-H, equilibrium (62.3%) at 930 °C.
Excellent stability is also achieved over multiple redox cycles (see ESI). Similar steam
conversions are observed for redox materials reduced with CO. The exceptional steam
conversion with LSF-supported iron oxide, which is higher than the nominal thermodynamic
limit of 62.3%, is certainly not unphysical. Rather, it can be explained by the high oxygen
affinity of LSF precursors as well as the oxygen vacancies in reduced LSF.
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Figure 1: Average steam conversion (%) of Fe;O4-LSF in the oxidation step at 930 °C
(regenerated to an average composition of FeOys). Error bars indicate 95% confidence interval
for steam conversion form multi-cycle experiments (see ESI). Red dash-dotted line shows the
maximum steam conversion for FeOx-H,O-H, ternary system based on thermodynamic
equilibrium. Black dashed line shows the highest literature-reported steam conversion.® !

In order to reveal the contribution of LSF to the overall water-splitting reaction, steam oxidation
of reduced LSF-Fe,O; is conducted in a thermal gravimetric analyzer (TGA). A H,-steam
mixture with decreasing H, concentrations is introduced into the TGA, and the sample weight
change is recorded. Weight gain of the sample under a specific H, concentration, defined as F;,
(Fu+Fi0)”, indicates that the sample is capable of achieving the corresponding or higher steam
to Hy conversion. In Figure 2A, four regions are found under varying H, concentrations. The
corresponding phases are analyzed by X-ray powder diffraction (XRD) (Figure 2B). The reduced
redox material is primarily composed of a composite of Fe, La,03, and a very small amount of
LaSrFeO.. 5. These reduced metallic iron and oxide species are stable under 100% H, (Region I).
However, they are easily oxidizable even in the presence 95% H, balanced steam (Pp,=5x10""
atm at 930 °C). Such a high affinity to oxygen is not observed in a pure Fe-O system, as iron is
only oxidized to wiistite at Po, = 6x10"7 or higher (equivalent to 62.3% steam conversion). The
main driving force for the exceptional steam conversion, as evidenced by XRD spectra of the
partially oxidized sample in Region II, is the solid state reaction among iron, La,Os3, and SrO in
the presence of water as well as water-splitting reaction of defected LSF. Such reactions can be
generalized as:

Lao.gsro.zFeO_g_g + (8,- 8) HQO <> Lao.gsro.zFeO_g_g’ + (8,- 8) H2 Reaction 2
where 0 <6 <&’ < 1.6. The specific reaction involved in Region II is:
0.4La203 +0.2SrO + Fe + (1 .6- 8) Hzo <> Lao.gsro.zFeO_g_g +H2 Reaction 3

Reaction 3 can be considered as a special case of Reaction 2, under which the oxygen defect
concentration is too large to maintain a stable perovskite structure. The contribution of Reactions
2 and 3 to overall water-splitting reaction can be determined based on defect formation energies
in LSF perovskites, which can accommodate significant oxygen non-stoichiometry resulting
from acceptor (Sr) doping in its A-site cations and the variable valence states of its B-site (Fe)
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cations.'® Using the defect model proposed by Mizusaki and Murugan et al'”™"°, the relationship
between oxygen vacancy (0) and oxygen partial pressure is determined by:

1 1
225 - ! - -5)°
o (25l x+1) Pt = Ky, (1+x-26)(3-0) Ll_ ! Equation 1

0y 1 1
(3-0)*(20-x) Ko 0%2(20—x) r,  Ka
where x = 0.2 for LaggSry,FeO;. Since the above model is suited for defected perovskites with
very high steam conversions, it can accurately estimate steam conversions in both Reaction 2 and
3. As shown in Figure 2A, the model predictions (see ESI for details) are in good agreement with
TGA results. The slight over-prediction in Region II and III is partly due to incomplete reduction
of the sample prior to steam oxidation, as confirmed by XRD in Figure 2B.
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Figure 2: (A) TGA profile of the reduced Fe;O4-LSF particle oxidized by steam and hydrogen
mixture at 930°C. (I) in the presence of pure H,; (II) oxidized by 95% H,; (balance steam,N,-free
basis); (II) oxidized by 63% Ha; (IV) oxidized by 15% H,. (B) XRD results of the particles when
weight is stabilized in regimes (I), (I), (IIT) and (IV).

In the subsequent oxidation step in Region III, the main oxygen acceptor for water-splitting is
metallic iron, forming wiistite. Oxygen vacancies in the LSF phase also contribute to a small
fraction of the oxygen uptake. The corresponding steam to H, conversion in such a step is shown
to be around 63%, which is in-line with equilibrium steam conversion between Fe to FeO
(62.3%). As confirmed via TGA, iron (oxide), through phase transition from iron to wiistite, is
responsible for 85.8% of the hydrogen generated from water-splitting with the LSF phase
contributing the remaining 14.2%. The contribution from the LSF phase, albeit small, is essential
for steam conversion (Figure 3A). Based on the defect model, theoretical steam conversion for
25 wt% LSF promoted iron oxide is predicted to be 65.7% assuming iron and LSF phases act
independently for water-splitting (additive effect). Besides the abovementioned additive effect,
which is appropriate to describe composite LSF-iron oxide redox catalysts in a conventional
fixed bed, one can also envision a scenario under which steam reacts with reduced iron (oxide)
and LSF in a sequential manner. Such a configuration puts steam in sequential contact with two
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redox materials with increasing oxygen affinity (or water-splitting efficacy). As a result, the
overall thermodynamic driving force for water-splitting is maximized. As illustrated in Figure
3B, further improvement in steam conversion can be anticipated under the sequential case.
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Figure 3: (A) Equilibrium steam conversion calculated based on an additive effect and sequential
effect for iron oxide promoted with 25wt% LSF at 930 °C; (B) Schematic illustration of the
additive and sequential cases. n,.r. and n,. 5 represent the oxygen uptake by reduced iron oxide
and LSF during water-splitting. Xo.r. and Xo..sr are equilibrium steam conversions for reduced
iron oxide and LSF. X0 440 and Xp20,5¢4 refer to overall steam conversion in additive case and
sequential case (equations shown are generally applicable to redox catalysts with <50 wt% LSF).

In order to achieve the perceived advantage of the sequential reaction scheme, a layered reverse-
flow reactor design using Fe;O4-LSF is proposed for combined syngas generation and water-
splitting. As illustrated in Figure 4, the reactor is composed of two layers. The bottom layer is
iron (oxide) rich, whereas the top layer is primarily composed of LSF. A small amount of LSF at
the bottom layer is necessary to prevent iron oxide sintering and deactivation. During the syngas
generation stage, methane is introduced from the top of the reactor, producing syngas while
removing the active lattice oxygen from both LSF and iron oxide-LSF layers. Since LSF has
higher resistance towards coke formation," injecting methane from the LSF end would be
advantageous. Upon completion of the reduction reaction, steam is introduced from the bottom
of the reactor to react with the reduced iron oxide-LSF layer and then the LSF layer. Such an
arrangement maximizes the thermodynamic driving force for water-splitting while taking
advantage of the unique properties of LSF for methane partial oxidation. As a result, high syngas
yield and exceptional steam conversion can be achieved. The concept illustrated in Figure 4 can
be extended to general cases where concentration gradients of LSF and iron oxide are created
along axial position of the fixed bed reactor.



Energy & Environmental Science Page 6 of 9

CH, H,
Reduction l I Oxidation

La,,Sro.FeOy 5

>

FeO, -LSF

§,<8,

X1> X2

Figure 4: Schematic of the proposed layered reverse-flow redox process with exceptional steam
conversion and syngas yield.

Fixed bed testing is performed to validate the layered reverse-flow concept. The reactor is
comprised of an LSF layer added on top of an LSF-iron oxide layer. Overall, the reactor is
comprised of 55% iron oxide with a balance of LSF. Key results of the redox reactions are
summarized in Table 1. 99% methane conversion and 62% (£3%) syngas yield was achieved in
the reduction step. In the oxidation step, steam conversion in excess of 77% was achieved. A
comparison of steam conversion is illustrated in Figure 5. Using the layered reverse-flow concept,
steam conversion was increased by over 10% when compared to a regular fixed bed. Such a
conversion is also 15% higher than thermodynamically predicted conversion for pure iron oxides,
which is the main contributor to water-splitting. An ASPEN Plus® model is used to simulate the
performance of the layered reverse-flow concept in the hybrid solar-redox scheme.'**° Based on
the experimental data, the overall process efficiency is determined to be 63.1% (HHV) or 15.1%
higher than a case with 20% steam conversion (maximum steam conversion reported in
literature). It is noted that steam conversion in excess of 77% is also feasible by adjusting the
relative amounts of LSF and iron oxide in the reactor. Figure 6 illustrates the relationships
among La/Sr usage, H, generation capacity, and steam conversion. As can be seen, increase in
La/Sr usage increases steam conversion. In the meantime, H, generation capacity of the redox
caco

Table 1: Summary of the redox reactions performance

Syngas yield 178
moles (mole of methane)™ '
moles (mole of methane) )
Methane conversion 99%
Steam conversion 77.2%
Hydrogen purity 98.5%
ASPEN simulated process efficiency 63.1% (HHV)
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Figure 5: Steam to hydrogen conversion in the oxidation step after CH4 reduction at 930 °C. Red
dash-dotted line displays thermodynamically predicted maximum steam conversion for FeOx-
H,O-H; ternary system. Black dashed line shows the highest literature reported steam
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Figure 6: Theoretical conversion as a function of La/Sr content and H, generation capacity in (A)

regular fixed bed; (B) layered reverse-flow reactor.

In summary, LSF-promoted iron oxide is demonstrated to be an exceptional redox material in a
hybrid redox scheme for methane partial oxidation and water-splitting. Coupled with a novel
layered reverse-flow reactor concept, the redox material is shown to be capable of converting
over 77.2% steam into hydrogen. Such a conversion not only triples the performance of existing
thermochemical based water-splitting processes, but also significantly exceeds the theoretical
water-splitting efficiency for unpromoted iron oxides. When applied to the hybrid solar-redox
scheme for liquid fuel and hydrogen co-generation, the process efficiency can increase by 15.1%

HHYV) and CO; emission for H, product is reduced by up to 60%.
( ) 2 2P y up
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Under a cyclic redox mode, a perovskite promoted iron oxide exhibited 77% steam-to-hydrogen
conversion in a layered reverse-flow reactor.
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