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The reversible storage of hydrogen in metal oxides via the steam-iron process offers a promising pathway for
large-scale, carbon-free energy storage. In this study, the redox performance and mechanical stability of iron
oxide-based pellets were investigated over ten redox cycles. Pelletization produced mechanically robust pellets
(1-2mm) suitable for fixed-bed operation. Trends previously observed for iron oxide powders (100-200 um),
such as sintering-induced deactivation and stabilization by dopants, were confirmed in pellet form. Remarkably,
iron oxide of lower purity containing trace amounts of Al and Cr exhibited nearly constant H, production over
ten cycles, which can be attributed to the combined stabilizing effects of minor impurities, a primary particle
morphology less prone to sintering, and crack formation during redox cycling that enhances gas transport
within the pellets. Increasing the induration temperature of Al-modified iron oxide to 1300°C significantly
improved the mechanical integrity of the pellets and both H, production and porosity increased with cycle
number. These findings demonstrate the potential of additive-stabilized iron oxide pellets as durable and
recyclable hydrogen storage material.

Novelty and significance statement: This study bridges the gap between powder-scale research and practical fixed-
bed operation by systematically evaluating pelletized iron oxides in the steam-iron process. It demonstrates
how pellet microstructure, induration temperature, and presence of stabilizing additives govern long-term
redox stability under cyclic conditions. Trace-level impurities can provide stabilization comparable to deliberate
modification, highlighting the potential of low-cost, naturally occurring iron oxides. The findings support the
development of stable, cost-effective iron-based materials for cyclic energy storage.

1. Introduction between Fe and Fe;0, and therefore exhibits a theoretical maximum

hydrogen storage of 4.8 wt.—% in iron [15].

Metal fuels, especially iron, have gained attention for large-scale
temporal and seasonal energy storage due to their high volumetric
energy density and recyclability [1-4]. Energy storage in iron occurs
via thermochemical reduction of iron oxides using preferentially green
hydrogen [5,6]. Energy release can proceed through direct combustion

According to Brinkman et al. [14], the energy demand for hydrogen
storage via the steam-iron process is approximately 27 % of the lower
heating value (LHV) of hydrogen, depending on the exact process
conditions. This places it within the same range as most chemical hy-

in air to produce heat [7,8], or via steam oxidation to generate hydro-
gen for direct use or power production fuel cell [9]. The resulting iron
oxides remain solid under ambient conditions, enabling easy collection
and recyclability, supporting a closed-loop, carbon-free energy storage
cycle [10,11].

The concept of using iron for hydrogen generation dates back to the
19th century, when the steam-iron process was first employed com-
mercially [12,13]. For hydrogen storage application, thermodynamic
studies suggest optimal temperature windows of > 420 °C for reduction
and 100°C to 500°C for oxidation [14]. The redox cycle proceeds
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drogen storage methods, including ammonia (22 %) and liquid organic
hydrogen carriers (25 % to 27 %), while metal hydrides such as MgH, re-
quire around 33 % relative to the LHV. In comparison, liquid hydrogen
storage requires approximately 18 % of the LHV, whereas the energy
demand for compressed hydrogen storage at 700bar is significantly
lower at about 6% to 8 %. [14] However, physical hydrogen storage
approaches are associated with drawbacks such as limited volumetric
energy density in compressed systems and boil-off losses in cryogenic
storage [16].
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Beyond energetic considerations, the practical viability of hydrogen
storage systems is strongly determined by their long-term cycling sta-
bility. It is critical to maintain performance over multiple cycles, as re-
peated reduction and oxidation lead to structural degradation through
sintering and phase transformations [17,18]. Previous studies [15,19—
21] have shown that material stabilization can be achieved through
modification with stabilizing additives. The addition of small amounts
of dopants, such as aluminium, chromium, calcium and molybdenum,
can mitigate sintering and improve redox stability by forming mixed
oxides or secondary phases.

While prior studies largely employed powders in thermogravimetric
setups [15,19-21], pellets were used in this work for practical rea-
sons. Nevertheless, the long-term stability and mechanical integrity
of pelletized forms for fixed-bed operation remain insufficiently ex-
plored. This study investigates the cyclic redox behavior of iron oxide
pellets in the steam-iron process using a fixed-bed reactor. Alongside
previously studied Mo- and Al-modified oxides [21], an impure iron
oxide containing trace Al and Cr is examined to assess the potential
of naturally occurring materials with inherent stabilizers, reducing the
need for synthetic modification and advancing iron’s use as a recyclable
hydrogen storage medium.

2. Experimental setup and methods
2.1. Pellet preparation

A series of iron oxide and modified iron oxide pellets were pre-
pared. Modified iron oxides with 5mol% Al or Mo were synthesized
by incipient-wetness impregnation of Fe,O3; powder (99.9%, Ther-
moFisher) using aqueous solutions of AI(NO3);-9H,0 (min. 98.5%,
Merck) or (NH4)¢Mo,0,,4 (min. 99.0 %, Merck). After impregnation,
samples were dried for 24 h at 60 °C and calcined in air for 5h at 700 °C.
An additive concentration of 5 mol% was chosen, as studies showed that
it provides a balance between stability and H, storage density [20].

Pellets were prepared from high-purity Fe,O5 powder (99.9 %, Ther-
moFisher), Mo-, Al-modified Fe,05 and lower-purity Fe,O5 (98 %, Ther-
moFisher). The samples are denoted as FeOx, FeOx-Mo, FeOx-Al and
FeOx-98, respectively. According to the supplier, FeOx-98 contains
585 ppm Al, 453 ppm Cr, and 151 ppm Na as main impurities.

The iron oxide powders were pelletized using a laboratory pel-
letizing disk with a diameter of 0.4m (inclination 52°, 40 min~!) and
deionized water, as these parameters were identified as optimal by
Huber et al. [22]. 1 wt.—% lactose was used as binder. The green pellets
were dried for 20h at 75 °C. As the dried pellets are too fragile for han-
dling, they require hardening through thermal treatment, commonly
referred to as induration in the context of pelletization [23,24]. The
pellets were indurated in air for 5h at 700 °C. Al-modified iron oxide
pellets were also indurated to 1300 °C for 1h, hereafter abbreviated as
FeOx-Al(HT).

The pellets were sieved to a I mm to 2mm fraction for fixed-bed
experiments.

2.2. Evaluation of the hydrogen storage performance

The cyclic reduction and oxidation of the iron oxide pellets were
performed in a fixed-bed reactor. The experimental setup is illustrated
in Fig. 1. The quartz reactor (8 mm i.d.) was filled with 500 + 3 mg
of iron oxide pellets secured with quartz wool, which formed a bed
of approximately 10 mm length. The reactor was placed in a uniformly
heated furnace (HTM Reetz), and temperature was monitored by two N-
type thermocouples positioned 1 mm upstream and downstream of the
bed. Gas flows of H, and N, were controlled by mass flow controllers
(MFC, Bronkhorst), and water was supplied and vaporized using a
Liquiflow (LFC, Bronkhorst) and Controlled Evaporation Mixer (CEM,
Bronkhorst). The exhaust gas is analyzed by a Fourier-transformation
infrared spectrometer (FTIR, MKS Instruments) and by a H, mass
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Fig. 1. Schematic representation of the experimental setup for the evaluation
of the hydrogen storage performance.
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Fig. 2. FeOx Pellets under light microscope.

spectrometer (H,-MS, V&F). Research data management was conducted
using the Adacta software [25].

Experiments were conducted with a total gas flow of 500 mL min™
under standard conditions. Each cycle consisted of reduction with
5vol.—% H, for 90 min and oxidation with 20 vol.—% H,0 for 20 min,
balanced with N,. The reactor was purged with N, for 10 min before and
between cycles. Each sample was tested over ten consecutive cycles.

All steam-iron process experiments were conducted at 600 °C, which
represents a balanced compromise between sufficiently high reaction
rates and material stability. This operating temperature was also chosen
to enable direct comparison with a previous studies [21]. The present
study concentrates on the oxidation step, whereas the reduction be-
havior of iron oxides has already been comprehensively addressed in
literature [26-29]. Hydrogen release during oxidation provides a direct
measure of redox performance and material degradation, making the
oxidation step a reliable indicator of overall stability.

1

2.3. Characterization

Light microscopy images of the pellets after induration were recor-
ded with an Olympus SC30 with a 0.67-times magnification.

Compressive strength test were carried out with a Universal Testing
Machine 10kN, Hegewald &Peschke. For each sample ten pellets were
tested and a mean compressive strength was determined in order to
account for the varying pellet size between 1 mm to 2 mm.

Scanning electron microscopy images of the pellet surface were
taken using a Zeiss LEO 1530 Gemini with an acceleration voltage
of 10kV. Cross-sectional SEM images of resin-embedded pellets were
taken with FEI Quanta 650 with an acceleration voltage of 15kV.

The specific surface area was measured using a Belsorp Mini II
device from Bel Japan Inc. The analysis was performed using 500 mg
of each sample. Pretreatment of the samples was performed at 300°C
in vacuum for three hours to remove adsorbed substances.

3. Results
3.1. Pelletization

All powders were successfully pelletized into mechanically robust
particles, as shown in Fig. 2.

The resulting pellets withstood a fall onto a steel plate from a
height of 0.5m without visible fragmentation. All pellets indurated at



A. Knapp et al.

Compressive strength per pellet [N]
N
o

2z %72 .77

FeOx-Mo FeOx-AlFeOx-Al(HT)

FeOx-98 FeOx

Fig. 3. Mean compressive strength per pellet and their standard deviation of
the pellets prepared in this work.

700°C, but most pronounced in FeOx-Al, exhibited powder abrasion
during handling, indicating limited mechanical stability. The mean
compressive strength per pellet is shown in Fig. 3. Regarding the pellets
indurated at 700°C, FeOx-98 pellets show the highest compressive
strength with 7N per pellet. In contrast, FeOx-Mo and FeOx-Al pellets
exhibited compressive strengths three to four times lower than FeOx
pellets, despite being based on the same high-purity iron oxide powder.

Halt et al. [30] reported that additives, which destabilize the
particle-water system during pelletization, reflected by a lower zeta
potential, lead to weaker, dustier pellets. Aluminum was found to have
such a destabilizing effect.

To improve mechanical stability, the induration temperature of the
Al-modified pellets was increased to 1300°C. This temperature was
selected because compressive strength typically reaches a maximum
in the range of 1250°C to 1300°C [24]. Although Mo-modified iron
oxide pellets also showed inferior mechanical stability, the induration
temperature could not be increased as MoO; volatilization occurs above
700°C [31].

Increasing the induration temperature of Al-modified iron oxide
pellets resulted in a distinct color change from red to gray (Fig. 2).
This transformation can be associated with the thermally induced color
change of hematite, attributed to increased crystallinity and particle
size, accompanied by modifications in the electronic structure [32].
In addition, FeOx-Al(HT) pellets showed no abrasion during handling
and achieved a mean compressive strength of 28 N per pellet. Thus,
induration at 1300 °C increased the compressive strength of Al-modified
pellets by a factor of 31 compared to their equivalents indurated at
700°C.

3.2. Cycling experiments

In order to evaluate the hydrogen storage and release performance
of the prepared iron oxide pellets, cyclic redox experiments were
subsequently conducted. This study focuses on the oxidation process.
The H, concentration over time during the oxidation of the iron oxide
pellets in the first and tenth cycle is shown in Fig. 4.

All iron oxide pellets exhibit a rapid initial hydrogen production
followed by a gradual decline. However, the maximum hydrogen con-
centration and oxidation duration vary among the different oxides.

In the initial cycle, pure FeOx shows the slowest oxidation, reaching
a maximum H, concentration of 7vol.—%. After the initial decrease a
plateau is reached with a local peak in H, concentration around 10 min.
H, production ceased after 16 min. In the tenth cycle, the peak H,
concentration decreased by 77 %. 20 min were insufficient for complete
oxidation, as H, evolution stabilized at a low level.

Qualitatively, very similar concentration profiles were obtained in
a previous study [21] investigating the redox behavior of iron oxide
powders (particle size = 100pm to 200 um) in the fixed-bed reactor
shown in Fig. 1. These concentration profiles indicate that the oxidation
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Fig. 4. H, concentration over time during oxidation with different additives
during the first (a) and tenth (b) redox cycle.

may transition from an initially rapid, kinetically controlled regime
at the pellet surface and within open pores to a diffusion-limited
regime [33]. During the first cycle, the surface area accessible to the
reacting gas remains significantly larger than in the tenth cycle (Table
1). Since sintering is the primary cause of deactivation during redox
cycling of iron oxides [18], the accessible surface area decreases with
increasing cycle number. Consequently, the contribution of fast surface
oxidation diminishes with increasing cycle number. The secondary
peaks observed in the H, concentration profiles may be attributed to
crack formation during the later stages of oxidation. In magnetite, such
cracking is frequently reported and arises from mechanical stresses
induced by volumetric expansion during oxidation in the brittle ma-
terial [34]. The formation of these cracks exposes previously unreacted
iron surfaces to the gas phase, leading to a temporary increase in the
oxidation rate.

In contrast, the modified samples displayed faster initial oxidation.
In the first cycle, all modified iron oxides exhibit very similar con-
centration profiles, reaching peak concentrations of 11vol.—% and
completing oxidation after about 11 min. After ten cycles, the concentra-
tion profiles of the modified iron oxides become clearly distinguishable.
The peak concentration decreased by 30% for FeOx-Mo and 10 % for
FeOx-Al, while FeOx-Al(HT) maintained a stable initial oxidation rate.
For both Al-modified samples, the duration of H, evolution increased
by about 6 min, showing a similar, but slightly widened concentration
profile compared to the first cycle. In contrast, FeOx-Mo exhibited
incomplete oxidation within 20 min, and showed two local maxima at
approximately 8 and 15 min, indicating that crack formation occurred
during oxidation and that diffusion limitations become increasingly
significant with increasing cycle number.

In previous work [21] using powders, faster oxidation and more
stable concentration profile with respect to the cycle number of Al-
than Mo-modified oxides was also observed. One possible explanation
is that Al-doping may enhance O%~-ion diffusion and promote H,O
dissociation [19], thereby accelerating oxidation, as the chemisorption
of water is considered the rate-limiting step in the initial stage of the
process [35]. The stabilizing mechanisms of Al and Mo reported in
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Fig. 5. Accumulative H, production during oxidation with different additives
over ten redox cycles.

the literature involve the formation of mixed ferrites, FeAl,0, and
Mo, Fe;_, 0, [36,37], which mitigate neck growth between adjacent
particles [18]. The formation of FeAl,0,4 permanently binds iron atoms,
rendering them inactive in the redox cycle, as this compound is not
reducible under the applied reaction conditions [36]. In contrast, Tak-
enaka et al. [37] demonstrated that Mo cations in Mo, Fe;_, O, actively
participate in the redox cycle. While this contributes to the hydrogen
storage capacity, the associated redox activity may increase the mo-
bility of the phase within the material [38], potentially making it a
less effective inhibitor of surface diffusion and consequently sintering.
Since hydrogen production of FeOx-Mo does not cease by the end of
the tenth cycle, a decline in performance with continued redox cycling
can be expected.

In the first cycle, FeOx-98 showed slightly lower initial H, con-
centrations (10vol.—%) but similar oxidation behavior to Al-modified
FeOx. After ten cycles, the H, peak decreased by 17 %, and the oxidation
duration extended by 6min. Following the initial peak, the H, concen-
tration decreases, however after about 8 min it increases slightly and
stabilizes for approximately 5min before the final decline. This brief
increase may be attributed to pronounced crack formation in the pellet
during the later stages of oxidation, as shown in Fig. 7. The significantly
higher oxidation rate in the tenth cycle of FeOx-98 pellets compared
to high-purity FeOx pellets indicates a degree of stabilization by the
small amounts of Al and Cr present [15,20]. In addition, morphological
effects are likely to contribute to this behavior [39].

To facilitate comparison of the H, storage performance among the
modified oxides, Fig. 5 presents the accumulative amount of H, pro-
duced per oxidation step. For better comparability, the amount of H,
produced is normalized to the mass of iron. The maximum theoretical
H, production, corresponding to complete oxidation of Fe to Fe;O,,
is 23.9 mmol gz, ~!. In addition, the corresponding iron conversion dur-
ing oxidation is indicated, where a conversion of 0% represents fully
reduced metallic iron and 100 % denotes complete oxidation to Fe30,.

The high-purity iron oxide pellets (FeOx) exhibited rapid deacti-
vation, with H, production decreasing from 21.2 mmol gz, ~! (89 % Fe
conversion) in the first cycle to 5.0 mmol gz, ~! in the tenth, correspond-
ing to a performance loss of over 75%. This decline is attributed to
sintering and pore closure [18,21]. The observed decline in hydrogen
production is very close to the behavior of Fe,0; powder. In our former
study [21], we observed the same initial hydrogen production with
Fe, 04 powder as in this work and a decrease to 9 mmol g, !, compared
to a decline to 10 mmol gg,~! within five cycles. This indicates that the
pelletization alone does not significantly prevent material degradation.

In contrast, the addition of all Al and Mo additives stabilizes hy-
drogen production over multiple cycles. FeOx-Mo showed the highest
initial activity (23.9mmol gg.~') and retained 92 % of its performance
after ten cycles. Full conversion of Fe to Fe;0, was observed in the first
few cycles, followed by slight decline. The high level of H, production
might be attributed to the redox activity of molybdenum oxides [15,
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Fig. 6. Surface SEM images of the pelletized (a) Fe,O5 (99.9 % purity) and (b)
Fe,03 (98 % purity).

17,21,37]. The amount of hydrogen produced by FeOx-Mo pellets is
5% to 13% higher than that observed for powder samples [21]. This
difference is likely attributable to variations in reaction parameters,
such as volumetric flow rate and reaction time. In a previous powder-
based study [21], the long-term stability of Mo-modified iron oxide was
examined, revealing a 28 % decline in hydrogen production over 50
cycles. Since oxidation of FeOx-Mo pellets was not completed by the
end of the tenth cycle, a similar decline, as observed for the powder
samples, can be expected for the pelletized material with continued
cycling.

FeOx-Al exhibited slightly lower initial H, production
(22.6 mmol gg,~!), which decreased by 6% over ten cycles. The in-
complete conversion of iron might be attributed to the formation of
mixed iron-aluminum oxides, which limit the fraction of redox-active
iron [36]. The hydrogen production during oxidation of Al-modified
iron oxide powder is very similar to the H, production observed in this
work. In the first cycle, 21.6 mmol gz, ~! was produced, and a decline
of 5% was observed over ten cycles [21]. These results indicate that
the stabilizing effects of Mo and Al doping in iron oxide observed for
powder systems can be transferred to pelletized materials for fixed-bed
applications.

Increasing the induration temperature to 1300°C (FeOx-Al(HT))
improved its resistance toward sintering. Despite the lower initial
hydrogen production (20.5 mmol gg, ~!), this sample maintained its per-
formance over cycling and even showed a slight increase of 4 % in H,
production. This increase in hydrogen production with increasing cycle
number is in contrast to the other iron oxide pellets show a decline
of different magnitudes. Therefore, FeOx-Al(HT) exhibits the same
level of hydrogen production as FeOx-Al and FeOx-Mo in the tenth
cycle. Especially the different behavior of the Al-modified iron oxides
indurated at different temperature are indicating, that the stabilizing
effect is also affected by thermal treatment prior to redox cycling.

Overall, the lower-purity iron oxide (FeOx-98), containing trace im-
purities of Al (0.06 %) and Cr (0.05 %), exhibited the highest level of H,
production over ten cycles. During the first oxidation 23.4 mmol gg,~! of
H, were produced, close to complete iron conversion with only 0.7 %
performance loss over ten cycles. Its impurities, Al and Cr are known
to enhance sintering resistance in the steam-iron process [15,20,21].

The stabilizing effect of Al is due to FeAl,0, formation [36],
while Cr was shown to be stabilized in Cr,Fe;_, O, [40]. If located
on the surface, these ferrites would inhibit contact between the iron
(oxide) particles and mitigate neck growth [18,40]. However, Lorente
et al. [20] found an additive loading of 5mol% for Al and Cr to
be optimal for maintaining a high hydrogen storage capacity. This
optimal additive loading is ~ 50 times higher than the trace impuri-
ties included in this iron oxide. Consequently, the low-concentration
Al and Cr may contribute to the observed stability but are not the
sole stabilizing factor. The superior stability of FeOx-98 compared to
synthetically modified oxides suggests that additional factors, such as
primary particle size and morphology, play a decisive role in con-
trolling sintering behavior [39]. Fig. 6 shows SEM images of the two
different iron oxide materials. Fe,03(98 %), used for FeOx98, displays
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FeOx-Mo FeOx-Al

Fig. 7. Cross-sectional SEM images of iron oxide pellets before (a-d) and after ten (e-h) redox cycles: (a,e) FeOx, (b,f) FeOx-98, (c,g) FeOx-Mo and (d,h) FeOx-Al

indurated at 700°C.

Table 1

Specific surface area of iron oxide pellets before and after ten cycles.
Sample Specific surface area/ '"? Change/%

Before After 10 cycles

FeOx 2.64 0.61 =77
FeOx-Mo 2.35 1.31 —44
FeOx-Al 6.97 3.21 -54
FeOx-Al(HT) 0.69 1.23 +79
FeOx98 4.82 3.30 -31

a narrow size distribution and predominantly spherical particles. In
contrast, Fe,03(99.9 %), used for all other pellets, exhibits a broad size
distribution with irregular, flake-like particle shapes. Particle size and
morphology are decisive for the sintering rate. Irregular, flake-shaped
particles provide a larger contact area and promote faster densifica-
tion, whereas spherical particles reduce contact points and decelerate
sintering [39,41].

3.3. Structural evolution

The trends shown by the accumulated hydrogen production per
cycle are also reflected in the morphological changes.

The specific surface area of the samples before and after ten cycles
is shown in Table 1. While FeOx shows a 77 % decline in specific surface
area, FeOx-Al declines by 54 %, FeOx-Mo by 44 % and FeOx-98 only by
31 %. After ten cycles, FeOx-Al(HT) even shows an increase in specific
surface area by 79 %. The surface area decline exhibits the same trend
as reported for the powder [21].

Cross-sectional SEM images reveal pronounced changes in pellet
morphology after ten redox cycles (Fig. 7). Pure iron oxide devel-
oped a dense outer layer approximately 100 pm thick, accompanied by
significant coarsening of the internal pore structure. This observation
clearly indicates progressive sintering during repeated reduction and
oxidation. The formation of a compact outer shell may impose dif-
fusion limitations, thereby contributing to the observed decline in Fe
conversion with increasing cycle number.

In contrast, the modified iron oxides exhibit less severe sintering.
Mo-modified iron oxides show moderate structural coarsening after ten
cycles and slight surface densification, however, a continuous dense
shell is not formed, unlike in pure FeOx. Prior to cycling, Al-modified
iron oxide pellets appear less compact than the other materials and

exhibit a highly porous, loosely connected microstructure. The weak
interparticle connectivity leads to the observed reduced mechanical
stability. After ten cycles, the structure evolves into a coarser frame-
work characterized by macropores in the range of 5pm to 50pm,
while retaining mesoporous oxide walls. Compared to the Mo-modified
material, visible sintering is slightly more pronounced, consistent with
the slightly greater decline in specific surface area.

FeOx-98 pellets, in contrast, appear more densely packed prior to
cycling. After redox cycling, only limited sintering is observed, how-
ever, crack and cavity formation within the pellets becomes evident.
The development of such cracks may facilitate gas transport to and from
the pellet core, potentially contributing to the stable hydrogen storage
performance of FeOx-98.

Furthermore, the structural evolution of Al-stabilized iron oxide
during redox cycling is influenced by the induration temperature ap-
plied during pellet preparation (Fig. 8). FeOx-Al(HT), indurated at
1300°C, initially exhibits a coarse macroporous structure with dense
walls. The elevated induration temperature promotes particle agglom-
eration, resulting in a denser microstructure compared to pellets in-
durated at 700 °C. After cycling, the macroporous framework is largely
preserved, while wall porosity increases. This increase is more clearly
visible in the surface SEM images (Fig. 8 e-f). Together with the
measured increase in specific surface area, these observations indicate
that redox cycling of FeOx-Al(HT) promotes pore formation rather
than sintering. Pore generation may occur via oxygen removal during
reduction [42,43] or through outward diffusion of Fe?*/3* jons during
oxidation [44,45]. While these mechanisms are expected to occur
in all investigated materials, sintering remains the dominant process
governing morphological evolution in the other pellets. The contrasting
behavior of FeOx-Al(HT), characterized by increased porosity, can
be attributed to two main factors. First, the initial microstructure is
already more sintered, therefore consisting of larger primary parti-
cles. Since sintering rates generally increase with decreasing particle
size [46], the larger primary particles in FeOx-AI(HT) relative to pellets
indurated at 700°C likely result in a reduced sintering rate during
cycling. Second, the higher induration temperature facilitates the for-
mation of a-Al,O5;. The transformation from metastable y-Al,0; to
a-Al,05 may play a critical role in mitigating sintering processes [36,
47]. The associated increase in porosity and specific surface area likely
contributes to the progressive improvement in Fe conversion observed
with increasing cycle number.
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Before

After 10 cycles

700 °C

1300 °C

Fig. 8. Cross-sectional SEM images of Al-stabilized iron oxide pellets before
and after ten redox cycles with an induration temperature of (a-b) 700°C
and (c-f) 1300°C. (e-f) show surface SEM images of FeOx-Al(HT) indurated
at 1300°C.

4. Conclusion

This study demonstrates that iron oxide-based pellets can effec-
tively serve as cyclic hydrogen storage materials in the steam-iron
process. Observed trends confirm that stabilization mechanisms known
in powder systems also apply to mechanically stable pellets. Pure
Fe,05 rapidly deactivated due to sintering, however the incorpora-
tion of small amounts of stabilizing additives or impurities markedly
enhanced performance and durability. Impure iron oxide containing
traces Al and Cr, exhibited the highest stability and nearly complete
iron conversion over ten cycles. This emphasizes that even dopant
concentrations below 0.1 % can significantly improve long-term redox
stability. Furthermore, the primary particle size and shape of the iron
oxide is decisive for cyclability, and morphological changes such as
crack formation can facilitate gas transport into the center of the pellet.
Mo-modified iron oxide exhibited full conversion up to the fourth
cycle, thereafter its hydrogen production declined slowly. Sintering
inhibition was slightly improved over Al-modified iron oxide indurated
at 700 °C. The Al-modified iron oxide indurated at 1300 °C was the most
effective in suppressing sintering. Pore formation during redox cycling
dominated over sintering, leading to increased porosity and enhanced
H, production with successive cycles. Although its initial H, yield was
slightly lower, the upward trend indicates strong potential for long-
term stability. While this work demonstrates trends over ten cycles,
the relevance for practical applications requires assessment over more
cycles. Literature on Mo-doped powders indicates that after 50 cycles
the hydrogen storage capacity drops by 28 %, therefore similar behavior
can be expected for the pellets investigated in this work. Consequently,
a long-term study of the FeOx-Al(HT) pellets is necessary to verify
whether a stable plateau can be achieved or if a performance decline
is delayed.
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