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1. The thermodynamic reality

While current policy discussions often highlight hydrogen
direct reduced iron (H,-DRI) as a leading green pathway in the iron
and steel industry, the complete and abrupt phase-out of carbon in
this sector overlooks critical metallurgical and operational reali-
ties. Although pure hydrogen (H,) reduction exhibits superior reac-
tion kinetics compared with that of carbon monoxide (CO), relying
solely on H, introduces systemic challenges. Metallurgically, car-
bon is indispensable not just as a reductant but as a crucial carbur-
izing agent that lowers the melting point of the sponge iron and
provides the essential carbon content for downstream electric arc
furnace (EAF) steelmaking [1]. Furthermore, a mixed CO and H,
syngas atmosphere creates a vital thermodynamic synergy within
the shaft furnace: It balances the rapid kinetics of highly endother-
mic hydrogen reduction with the slightly exothermic nature of CO
reduction, maintaining an optimal and easily controllable thermal
profile [2]. For the coming decades of transition, a mixed reducing
atmosphere remains practically essential. The goal, therefore, is
not to eliminate carbon use immediately but to ensure that the
required CO comes from a closed-loop cycle of recycled carbon
dioxide (CO,), rather than from fossil-based carbon sources.

To achieve this closed-loop carbon cycle, we must look beyond
conventional electrification. Modern steelworks already exhibit
excellent internal waste heat recovery and energy integration sys-
tems. Consequently, producing massive volumes of green reduc-
tants requires the introduction of external, zero-carbon energy
sources. Conventional approaches focus on renewable electricity
or waste heat-to-power, but turning such heat into electricity
and then into chemical bonds is an indirect, multi-step path funda-
mentally limited by Carnot efficiency and power-grid constraints
[3]. A more rational, direct solution is thermochemical CO, split-
ting (TCS) [4]. By driving the breakdown of CO, using renewable
thermal energy (e.g., concentrated solar heat), high-grade indus-
trial excess heat, or a combination of both, we could significantly
alleviate the burden of steelmaking on electrical grids. While grid
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connectivity remains essential for electrical distribution and oper-
ational backup, this direct thermochemical process converts ther-
mal energy directly into stable chemical exergy (stored in the
C=0 bond), thereby reducing the industry’s reliance on massive
power-grid expansions. From a systems perspective, utilizing
renewable and industrial heat to directly regenerate the precise
chemical feedstock (i.e., CO) required by the EAF is a highly energy-
and resource-efficient route to decarbonization (Fig. 1).

This waste-heat-integrated approach is fundamentally driven
by the stringent economic realities of steelmaking. Fully electrified
H,-DRI pathways have severe economic vulnerabilities, as they are
highly sensitive to renewable electricity prices and require
immense electrolyzer capital expenditure (CAPEX). Conversely,
the TCS route provides a robust economic buffer. By directly
harvesting onsite high-grade industrial waste heat, the process
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Fig. 1. A conceptual framework of integrating industrial waste heat with double-
perovskite-based TCS for steel decarbonization.
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drastically reduces the marginal cost of reductant production,
shifting the paradigm from an operating expenditure (OPEX)-
heavy electrical pathway to a highly resilient thermal-integration
strategy.

2. The double-perovskite solution

For years, the benchmark material for thermochemical cycles
has been non-stoichiometric ceria (CeO,_;s), which is prized for
its rapid kinetics and durability [5]. However, ceria presents a fun-
damental mismatch for industrial integration: Its strong oxygen-
cerium bond requires reduction temperatures exceeding 1500 °C
to achieve meaningful oxygen release. While feasible in future-
generation concentrated solar towers, such temperatures are not
easily available in a steel plant, where high-grade waste heat is
typically around 800-1000 °C. Thus, complex double perovskites
(A;BBOg) are much more suitable than simple binary oxides, not
only in terms of temperature range match but also thermodynam-
ically and economically. The strategy here is deliberate structural
disorder. By introducing larger cations or mismatched elements
into the crystal lattice, we induce significant lattice distortion
and increase the configurational entropy. This internal structural
stress effectively weakens the metal-oxygen bonds, lowering the
activation energy for reduction. Consequently, these advanced
materials can undergo rapid oxygen exchange at temperatures
below 1000 °C, perfectly aligning the material’s chemical window
with the industry’s available thermal budget. Mechanistically, this
enhanced reactivity is governed by a reduction in the oxygen-
vacancy formation energy and an increase in bulk oxygen mobility.
The deliberate lattice distortion lowers the thermodynamic barrier
for oxygen release, while maintaining sufficient redox reversibility
to prevent structural collapse during cyclic operations.

A representative case that validates this complex oxide
approach is that of iron (Fe)-based double-perovskite oxygen carri-
ers within the A,BBOg family, which can be tailored to operate
within the steel industry’s thermal window [6]. By tuning A- and
B-site cation chemistry to weaken metal-oxygen bonds and
enhance oxygen-vacancy mobility, the kinetic barrier can be sub-
stantially reduced. Recent reports show apparent activation ener-
gies in the approximately 50-80 k]-mol~! range and rapid oxygen
exchange at about 850-900 °C, allowing reactors to better match
the dynamic nature of waste heat streams [7]. These studies there-
fore serve as a useful proof of concept: They demonstrate that, by
engineering the crystal lattice of double perovskites, we can suc-
cessfully overcome the kinetic limitations that have long hindered
low-temperature thermochemical cycles.

3. Pitfalls in thermogravimetric analysis (TGA)-derived activity
metrics

However, the enthusiasm for these complex materials has inad-
vertently fostered a methodological blind spot. A prevalent prac-
tice in current literature involves calculating CO production rates
solely based on the mass gain (Am) observed during the oxidation
step in TGA. This calculation rests on the strong assumption that
every microgram of weight increase corresponds to the incorpora-
tion of lattice oxygen derived from CO, splitting [8]. Crucially,
regarding complex oxides heavily doped with alkaline-earth met-
als (i.e., Ba and Ca), the thermogravimetric signal is inherently
ambiguous. The observed mass gain is often a composite signal:
It may arise from physical adsorption or, most critically, the forma-
tion of surface carbonates. A material might show a rapid mass
increase not because it is splitting CO, efficiently but because it
is reacting to form a carbonate crust [9]. Consequently, without
independent verification of the gas phase via gas chromatography
(GQC), reporting high yields based on TGA alone can be misleading.
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The critical flaw is that TGA merely records macroscopic weight
changes; it cannot distinguish between the mass gain from lattice
oxygen incorporation and the parasitic mass gain from CO,
chemisorption. Apparent high activity on a microbalance could
be a reflection of rapid carbonate formation and subsequent
surface passivation. The root cause of this deceptive mass gain is
related to a thermodynamic inevitability known as cation segrega-
tion, which is briefly discussed below.

In double perovskites containing large alkaline-earth metals
such as barium or strontium, there is an intrinsic drive for these
bulky cations to migrate from the bulk lattice to the surface to
relieve internal elastic strain. This creates a surface environment
that is chemically distinct from the bulk. When this basic surface
encounters an acidic CO, stream, a rapid Lewis acid-base reaction
occurs, forming a dense, stable carbonate shell (e.g., BaCOs3) [10].
This crust acts as an electrical and ionic insulator, physically block-
ing the oxygen vacancies needed for the reaction. Importantly, this
degradation may go undetected by standard bulk characterization
[11]. A post-mortem X-ray diffraction (XRD) scan might show a
pristine perovskite structure, leading researchers to believe the
material is stable. In reality, the material can become surface-pas-
sivated: The bulk structure may remain intact while the reactive
surface is blocked by a carbonate-derived layer. Therefore, a rigor-
ous validation protocol should utilize TGA strictly for preliminary
thermal screening, followed by macroscale reactor testing coupled
with online GC to quantify intrinsic CO yields unambiguously.

4. Reactor-level artifacts and validation controls

Beyond the material itself, the experimental infrastructure
often introduces a systematic source of error. A common oversight
in laboratory testing is the reliance on stainless steel or Inconel
reactors for high-temperature cycles (>700 °C). Despite their
mechanical robustness, these alloys, which are rich in Fe, chro-
mium (Cr), and nickel (Ni), are thermodynamically unstable in a
CO, atmosphere. The reactor walls effectively act as a low-effi-
ciency oxygen carrier, undergoing oxidation and releasing carbon
monoxide. This generates a background CO signal that researchers
frequently mistake for the catalytic performance of their sample.
Rather than being driven by the geometric surface area—which is
intrinsically much lower for a macroscale reactor tube than for a
porous catalyst—this parasitic CO evolution is exacerbated by gas
bypassing effects. Due to lower flow resistance (higher porosity)
in the reactor wall region, a large fraction of the CO, stream could
bypass the active catalyst bed and react directly with the exposed
Fe/Cr components of the hot reactor wall, leading to a substantial
overestimation of the apparent CO yield. Therefore, valid reporting
must move beyond raw data. This background correction must be
strictly verified by time-resolved measurement methods such as
online GC or mass spectrometry (MS) to unambiguously prove that
the quantified CO evolution originates exclusively from the oxygen
carrier rather than systemic artifacts.

Finally, evaluation under idealized laboratory CO, streams may
not predict industrial performance. Merely demonstrating cyclic
stability under medical-grade CO, is no longer an adequate predic-
tor of industrial viability; it is simply a baseline. Real-world flue
gases from steel plants are never pure—they are complex mixtures
laden with contaminants, most notably sulfur oxides. Therefore,
future evaluation standards should incorporate an impurity-spik-
ing test. This involves deliberately introducing a range (e.g., 10—
50 ppm) of sulfur dioxide (SO;) into the feed stream to simulate
genuine exhaust conditions. For alkaline-earth-containing double
perovskites within the A;BBOg family, this is a key stress test. Since
alkaline-earth metals are prone to irreversible sulfation, forming
stable BaSO, or equivalents instead of active carbonates, observing
whether the catalyst survives or permanently deactivates under
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this sulfur load is crucial. Passing this test is not just an optional
bonus; it is a critical prerequisite for oxygen carriers intended for
translation from laboratory studies to industrial pilot trials.

5. From lab to industry

Fe-based double-perovskite oxygen carriers within the A,BBOg
family have successfully demonstrated that harvesting waste heat
below 1000 °C is practically feasible. However, high reactivity
alone is insufficient for industrial applications. The field must
now prioritize the critical chemical challenges that limit long-term
durability: surface segregation and impurity poisoning. These are
practical barriers that currently separate laboratory results from
engineering reality. Therefore, future research should shift focus
from maximizing initial yields in short-term TGA tests to proving
robustness under realistic, contaminant-containing atmospheres.
To bridge this gap, recent engineering efforts are transitioning
toward pilot-scale multiphase reactors employing advanced cera-
mic components, with the primary objective of optimizing CO,
conversion rates rather than merely characterizing scale-up vari-
ance. Addressing these fundamental stability issues would help
thermochemical splitting transition from a laboratory concept to
a viable solution for the steel industry.

6. Concluding remarks

Decarbonizing the steel industry demands solutions that
respect both thermodynamic limits and metallurgical engineering
realities. While double perovskites present a highly viable pathway
for TCS using renewable and industrial heat, their true potential is
currently obscured by idealized testing methodologies. To bridge
the gap between academic promise and industrial deployment,
the research community must move beyond apparent mass-gain
metrics. By adopting rigorous evaluation protocols, we can develop
oxygen carriers that deliver intrinsic stability alongside high activ-
ity, ultimately realizing a sustainable, closed-loop carbon cycle for
steelmaking.
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