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Hierarchically Porous Iron Alloys with High Sintering
Resistance During Cyclic Steam Oxidation and Hydrogen
Reduction

Samuel M. Pennell,* Benoît Chappuis, Julia A. Carpenter, and David C. Dunand

Hydrogen release/storage materials for iron/air batteries are fabricated as
Fe-16Mo and Fe-24Ni (at.%) lattices via 3D-extrusion printing of foamed inks
containing oxide microparticles, followed by H2 reduction and sintering. A
hierarchical open porosity is designed: (i) channels between walls created
during printing, (ii) mesopores within walls, created during ink foaming, and
(iii) micropores within ligaments between mesopores, created from partial
sintering metal particles and gas escape during cycling. When subjected to
H2/H2O redox cycling at 800 °C, the lattices of both compositions gradually
undergo sintering. The Fe-16Mo lattice remains fully redox-active after 50
cycles unlike the Fe-24Ni lattice, which loses 90% of its redox capacity after 30
cycles. The increased lifetime of the Fe-16Mo lattice is attributed to the
sintering inhibition of Mo, the formation of a mixture of oxide phases in the
oxidized state, and the cyclic formation of submicron Fe2Mo by reduction of
MoO2 and Fe2Mo3O8. The microstructure of the foamed walls is examined
throughout cycling to track changes in morphology and composition. These
are correlated to volume and porosity changes in the lattice. A comparison is
made to previously-studied Fe-Mo and Fe-Ni freeze-cast lamellar foams, and
variations in performance are discussed in the context of the different
architectures.
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1. Introduction

Redox-active Fe-based materials have
promising characteristics for low-cost re-
dox cycling, either for electrical energy
storage when paired with a reversible solid
oxide fuel cell (RSOFC) to form a recharge-
able oxide battery (ROB) [1–5] or for chemical
looping combustion.[6–8] During the first
part of the redox cycle, iron is oxidized by
steam (3Fe + 4H2O → Fe3O4 + 4H2), and
the produced hydrogen can be used to fuel
the RSOFC using oxygen from air to form
steam and electric power. During subse-
quent reduction, hydrogen (produced via
steam electrolysis in the RSOFC) reduces
the oxide back to iron: Fe3O4 + 4H2 → 3Fe
+ 4H2O). The basic configuration of the
ROB is depicted schematically in Figure
S1, Supporting Information, a chamber
containing the redox material (i.e., Fe)
and H2O is sealed by the RSOFC. Devel-
opments to the ROB design can improve
performance by separating the redox mate-
rial from the fuel cell or inducing gas flow
rather than letting the gas stagnate,[9,10] but
the redox reactions remain the same. This
iron-air battery uses inexpensive, abundant,

and environmentally-benign materials: iron oxide, water, and
oxygen from air.

However, the development of high-temperature redox systems
using Fe-based powder beds has been significantly hindered
by the degradation of Fe-based materials during repeated redox
cycling.[4,5,7,11] The volumetric expansion of iron during oxidation
(3Fe → Fe3O4) combined with the high operating temperature
of the RSOFC lead to irreversible sintering between particles.
This sintering process quickly leads to densification of the ini-
tially porous material, greatly slowing the kinetics of the reaction
as incoming gas can no longer flow through the pores of the ma-
terial. For a Fe powder-packed bed, H2 production drops by 66%
after just two cycles and continues dropping towards a negligible
amount of H2 produced after ten cycles.[12]

Two approaches can be used to improve performance without
altering the operating temperature or gas flow conditions: com-
positional changes (at the level of the material itself) and alternate
architectures (at the level of the spatial structure of the specimen).
By either alloying the Fe with other metals or by including other
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oxides in the Fe powder mixture, the properties of the overall ma-
terial during cycling can be altered. Otsuka et al. completed a sur-
vey of 26 individual elemental additives to iron, assessing their
impact on H2 production in the first five redox cycles; this study,
identified elements with stable oxide states under steam (such
as Al and Ce) as stabilizing for the Fe powder bed, and elements
that do not oxidize (such as Ni and Cu) as destabilizing.[13] The
effect of redox inactive elements remains unclear however: Eigen
et al. reported beneficial effects of Ni additions in Fe powder bed
systems, up to 104 cycles,[14] Yüzbasi et al. reported a beneficial
effect of Cu on accelerating Fe3O4 reduction in chemical loop-
ing systems,[15] and Ma et al. reported beneficial effect of yttria
stabilized zirconia (YSZ) on H2 production from Fe.[16]

In particular, Mo was identified as having a strong benefi-
cial effect on the reaction kinetics and stability of Fe-Mo al-
loyed powders, an effect confirmed in similar experiments.[17]

Mo, along with W, are two elements that are redox active under
both steam and hydrogen; this makes them candidates for pure
Mo or pure W rechargeable oxide batteries, as the oxides formed
(MoO2 and WO2) have a higher oxygen-to-metal atomic ratio than
Fe3O4.[18,19]

The reaction mechanisms of both oxidation and reduction are
vital to understand the microstructural evolution of materials
undergoing redox cycling. For both binary Fe and Mo oxides,
and for the mixed oxides formed from Fe-Mo alloys as well, ox-
idation with steam proceeds through a multi-step process: first,
the steam adsorbs on the metal surface, then the steam reacts
with the metal to form the oxide (as the H2O dissociates), then
the newly formed H2 desorbs.[20,21] After the initial surface ox-
ide layer forms, the reaction rate is controlled by the diffusion of
metal atoms to the surface and the counter-diffusion of oxygen
anions into the bulk, with the reaction occurring in the bulk ox-
ide layer.[20,21] As oxidation proceeds and the oxide scale grows in
thickness (and as FeO is oxidized to Fe3O4), the reaction slows
due to the increasing diffusion distance and the slower diffusion
of atoms through the outer scale as compared to the metal.[22]

While Mo oxidizes via the same mechanism as Fe, steam ox-
idation of Mo introduces an additional variable. MoO2 forms a
high-vapor pressure phase (MoO2(OH)2) with steam at high tem-
perature, resulting in the gradual loss of Mo from the surface due
to chemical vapor transport (CVT).[23,24]

Reduction of iron oxides (Fe3O4 and FeO) typically proceeds
following the shrinking core model, wherein the oxides at the
outer surface reduce first, forming a characteristic dense metal
shell through which subsequent H2 must either diffuse or oth-
erwise bypass in order to reduce the underlying oxide.[25] The
reduction reaction is known to be accelerated by the presence
of transition metals (including Ni), such that the reduction re-
action begins at the interface between the oxide and the transi-
tion metal and proceed along the moving interface (i.e., inside
out).[26–28]

High-temperature H2 reduction of MoO2 (and Fe2Mo3O8)
proceeds via a different mechanism. As mentioned above, the
gaseous MoO2(OH)2 forms at high temperatures in the pres-
ence of steam. This mechanism is also active during reduction,
wherein H2 reduces gaseous MoO2(OH)2 to Mo, resulting in
Mo condensation at the operating temperature.[29] This CVT re-
duction mechanism strongly influences the morphology of the
precipitated Mo phase, resulting in a spherical nanocrystalline

morphology.[30] In the presence of Fe, this nanocrystalline Mo
phase quickly reacts with Fe to form nanocrystalline Fe2Mo.[31,32]

Both oxidation and reduction are enhanced by high porosity.
During oxidation, high porosity shortens the diffusion distance
between unreacted metal atoms and the nearest free surface, low-
ering the transport time needed. During reduction, high porosity
allows the surface-driven reduction reaction to begin throughout
the material rather than solely at the envelope-free surface, and
pores locally prevent the formation of a dense shell that could
slow gas ingress.

Our previous work also sought to address the degradation
problem by altering the architecture of the Fe-based material
away from a packed powder bed. In particular, we examined di-
rectional freeze-casting to produce lamellar Fe architectures com-
patible with flow reactions. These lamellar Fe structures, with
high porosity and low tortuosity ideal for solid-gas reactions,[33]

were shown to extend the useful redox lifetime of the Fe-based
material, particularly with alloying additions to Fe.[27,34] Never-
theless, these freeze-cast structures degrade during cycling due
to the collapse of the lamellar structure due to buckling, contact,
and sintering between neighboring lamellae, as well as flaring of
lamellar tips resulting in the formation of a dense shell encapsu-
lating the structure, as also seen in packed powder beds.[35,36]

The above strategies can be combined to increase degrada-
tion resistance of porous Fe structures. Freeze-cast lamellar struc-
tures alloyed with Fe-soluble, redox-inactive metals such as Ni
or Co can accelerate the reduction reaction and provide a duc-
tile backbone to provide additional mechanical stability to the
lamellae.[26,27,34,37] Alloying with Mo was found to be particularly
effective due to the sintering inhibition effect provided by Mo.[32]

Based on our understanding of the degradation mechanisms
in freeze-cast lamellar structures, it is useful to now consider
other porous geometries. Ink-printed microlattices with long
channels are of interest due to their high open porosity, ease of
fabrication, and mechanical stability.[38–42] The printed walls can
also be made mesoporous and microporous, creating a hierar-
chical pore structure, which counteracts their much-increased
thickness, as compared to freeze-cast lamellae. Such structures
have recently shown promise for both structural and func-
tional applications.[43–47] A previous study of foamed Fe lattices
[38] showed potential for durability through many redox cycles,
though the pure Fe composition resulted in a significant slowing
in oxidation kinetics after 10 cycles. The present study examines
lattices of two alloys, Fe-25Ni and Fe-25Mo (wt%), created by ink-
printing of a foamed suspension, and assesses their structural
evolution during redox cycling at 800 °C, for up to 50 redox cy-
cles, with comparisons drawn to freeze-cast lamellar structures
of the same compositions.

2. Experimental Section

2.1. Ink Preparation and Printing

Hierarchically-porous structures were obtained by mechanical
frothing of an aqueous suspension of 40–50 wt% metal ox-
ide powders with 3 μL g−1 hexylamine (99% ACROS Organics)
used as an amphiphilic surface modifier followed by 3D ink-
extrusion printing, using protocols previously described in the lit-
erature [43,44] for pure Fe structures with magnetite Fe3O4 (E8840,
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DOWA), albeit with additions of either nickel(II) oxide NiO (99%,
abcr GmbH), or molybdenum(VI) oxide MoO3 (99.97%, Sigma-
Aldrich). The Fe-Ni oxide slurries contained an active metal load-
ing of 77 wt% Fe3O4 and 23 wt% NiO, and the Fe-Mo oxide slur-
ries contained an active metal loading of 74 wt% Fe3O4 and 26
wt% MoO3. After reduction, these correspond to Fe-25Ni and Fe-
25Mo, wt% (i.e., Fe-24Ni and Fe-16Mo, at%) compositions, with
comparable bulk densities of 8.1 and 8.3 g cm−3, respectively.

After initial fabrication, the metallic lattices contain a signifi-
cant amount of Fe3Mo3C and Mo2C due to reaction with the car-
bon produced from burnout of organic slurry components dur-
ing the thermal reduction step. To eliminate these carbides, the
lattices were pre-treated via a first redox cycle at 800 °C: oxidation
for 90 min under 120 sccm flowing H2O, then reduction for 90
min under 200 sccm flowing H2. The final Fe-24Ni metallic lat-
tices had an average mass of 0.44 g, and the final Fe-16Mo metal-
lic lattices had an average mass of 0.34 g; variations stemmed
from defects during printing.

2.2. Redox Cycling and Characterization

Redox performance of foamed lattices was studied via consecu-
tive steam and hydrogen exposure (redox cycle) to simulate oper-
ating conditions. All cycling was performed in a horizontal alu-
mina tube furnace (61 cm length, 19 mm inner diameter, 25 mm
outer diameter, Lindberg Blue Mini-mite) fed via stainless steel
tubing by either H2 (UHP, Airgas) for reduction, or H2O car-
ried by Ar (UHP, Airgas). H2O was generated by bubbling the Ar
through a vessel of water heated to 93 °C. Gas flow was controlled
by two mass flow controllers (MKS). Specimens were placed on
an alumina plate in the hot zone, and ramped to 800 °C at 10
°C min−1 under flowing H2 (100 sccm) to maintain the metallic
state of the material. After the furnace equilibrates at 800 °C, the
first oxidation half cycle begins, where Ar is flowed (120 sccm)
through the 93 °C water bubbler, achieving a H2O steam partial
pressure of 78 kPa. All gas lines were heated to 110 °C to prevent
any steam condensation. After the first 120 min oxidation half-
cycle, pure H2 is flowed (200 sccm) for 90 min for the reduction
half-cycle. Subsequent cycles are repeated with 90 min of oxida-
tion, followed by 90 min of reduction: these cycle durations are
chosen to ensure full oxidation and full reduction for the initial
state, though in later cycling degradation in the lattice can re-
sult in incomplete oxidation or reduction due to loss of porosity
(discussed in Section 3). Following the last reduction cycle, spec-
imens are cooled at 5 °C min−1 under flowing H2 (100 sccm) to
maintain the metallic state after cooling. When a lattice is par-
tially cycled (i.e., when cycling is interrupted before the end of
the reduction half-cycle), it was instead cooled under flowing Ar-
4% H2 to prevent further oxidation while maintaining any oxide
present. Specimens are weighted after cycling to calculate oxygen
gains (if in an oxidized state), or to ensure that no oxide remains
(if in the reduced state).

After cycling, foamed lattices were vacuum-mounted in epoxy
(Epothin 2, Buehler), and polished to halfway through their
height. The final polishing step of the full radial cross-section
is done with a 1 μm diamond suspension. For partially or fully
oxidized specimens, an additional ion milling step on a LE-
ICA TIC3X is performed to remove polishing damage to the

brittle and fragile oxidized layer and to reveal internal porosity.
The radial cross sections were imaged on an optical microscope
(MA200, Nikon), by stitching together multiple 5x magnification
images. The microscope is refocused every four pictures. To ana-
lyze the cross-section, the images are processed using the ImageJ
software. First, the cross-section is converted to a binary image,
with solid treated as 1 and pores as 0. Lattice porosity was calcu-
lated from solid fraction, taken as the ratio of solid area to total
sample area. Ligament size was calculated by deploying the lo-
cal thickness algorithm in ImageJ.[43] Pore size is calculated via
the local thickness plugin on the inverse of the filtered image de-
scribed above.

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) imaging were performed on Hitachi 8030
SEM instrument. Epoxy-mounted cross-sections were sputter-
coated with a 10 nm Au-Pd film, while unmounted foamed lat-
tices were imaged without coating.

X-ray diffraction (XRD) spectra were gathered in reflection ge-
ometry on the polished surface of epoxy-mounted samples. Mea-
surements were performed at room temperature with a Rigaku
Smartlab 3 kW instrument with Cu source, operated at 40 kV and
35 mA. Processing of collected spectra was done in Python, and
background corrections were performed using a modified poly-
nomial fit.[48]

Pore volume, micropore area, and BET surface area mea-
surements were carried out on full foamed lattices before pre-
treatment, after pre-treatment, and at 20 and 50 cycles. These
measurements were performed at the Reactor Engineering and
Catalyst Testing core facility at Northwestern University. The lat-
tices were first degassed according to ASTM D4222 at 100 °C
under vacuum for 24 h, then subsequently tested for N2 adsorp-
tion/desorption at the boiling point of liquid N2 according to
ASTM D4222-03 with a pore structure analysis instrument (Mi-
cromeritics 3Flex).

3. Results and Discussion

3.1. Initial Hierarchical Porous Architecture

The printing process is shown schematically in Figure 1a: a noz-
zle deposits the ink, which consists of a mixture of Fe3O4 (red),
either NiO or MoO3 (blue) depending on composition, and gas
bubbles (white). Each ink-printed 9 × 9 × 8 mm specimen con-
sists of a lattice of 5 × 5 × 16 orthogonal inner walls (0.6 mm
in diameter) defining 4 × 4 = 16 longitudinal channels, referred
to as channel pores (Figure 1b); the transverse directions contain
no channels, with the 16 layers (Figure 1c, orange arrows) in con-
tact with each other forming a continuous outer wall surrounding
four of the six faces of the nearly cubic specimens (Figure 1c). The
multichannel structure chosen for this study provides gas access
to a relatively large lattice, such that the microstructures observed
within the struts of the lattice can be compared at multiple differ-
ent areas within the same lattice. As the structure evolves during
cycling, the channels are expected to remain open for gas access,
again so that microstructural changes can be observed in mul-
tiple areas in a single lattice. While a relatively simple geome-
try was printed here to compare to lamellar wall structures from
freeze-cast foams, ink-printing allows for much more complex
architectures.[39,41]
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Figure 1. a) Schematic of the printing process, wherein foamed ink (a suspension of Fe3O4 (red) and either NiO or MoO3 (blue) particles with bubbles)
is 3D-extruded to form a lattice, which consists of 5 × 5 inner walls forming 16 longitudinal channels. b) Low-magnification SEM micrograph showing
the hierarchical porous architecture of the foamed lattices after initial reduction, sintering, and pretreatment: view of channels (C), printed inner walls
(IW), and printed outer wall (OW) containing gas mesopores, for Fe-24Ni foamed lattice. c) View of printed outer wall: orange arrows indicate examples
of separate printing layers, blue arrow marks the longitudinal view shown in the previous pane. d,e) Medium magnification view of Fe-24Ni inner wall
and outer wall, respectively, with gas mesopores (G) and ligaments (L) viewed from the longitudinal and transverse directions, respectively. f) High
magnification view of Fe-24Ni ligament micropores (red arrows) within a ligament. g,h) Medium magnification view of Fe-16Mo inner wall and outer
wall, respectively, with gas mesopores (G) and ligaments (L) viewed from the longitudinal and transverse directions, respectively. i) High magnification
view of Fe-16Mo ligament micropores (red arrows) and two-phase microstructure within a ligament.

The printed walls are also highly porous internally due to
the foaming process prior to, and during, ink printing, with a
fully interconnected mesoporous structure, referred to as gas
mesopores (Figure 1c,d). Finally, each Fe-24Ni ligament between
these foaming pores contains microscale porosity, formed by
the escape of H2O during initial reduction of the oxide pow-
ders and present through the subsequent carbide-removal re-
dox pre-treatment, which are referred to as ligament microp-
ores (Figure 1e). The structure of the Fe-16Mo gas mesopores
(Figure 1d,g) and ligament micropores (Figure 1e,h) is sim-
ilar. These three length scales of porosity – millimeter-scale
channel pores, 20 μm-scale gas mesopores, and 1 μm-scale
ligament micropores – form a hierarchical porous structure
which is beneficial to maintaining gas access during redox
cycling.

The three length scales of solid – wall, ligament, and micro-
ligaments – keeps diffusion distances low from any point in the
solid to a free surface, lowering the time needed for full oxi-
dation/reduction. The hierarchical porosity also enables ingress
of reaction gases (H2O on oxidation and H2 on reduction) and
egress of product gas (H2 on oxidation and H2O on reduction),
preventing gas entrapment.

3.2. Fe-24Ni Lattice Evolution

The evolution of Fe-24Ni lattices during the first 20 redox cycles
is illustrated in Figure 2 through representative cross-sections of
full specimens, with corresponding SEM micrographs of cross
sections of the foamed walls in the lattice interior and at its
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Figure 2. Macro- and micro-structural evolution of Fe-24Ni foamed microlattices shown via polished cross sections at a) 0, b) 5, c) 10, and d) 20 cycles,
for (left column) full specimen cross section (optical micrograph, with 1 mm scale bar) showing 4 × 4 longitudinal channels (one is marked C) and 5
× 5 transverse walls; (middle column) cross-section of an interior wall (SEM micrograph, 20 μm scale bar) showing gas mesopores (marked G) and
micropores (red arrows); (right column) wall surface cross-section (SEM micrograph, 20 μm scale bar) with a dense outer shell outlined in white to
guide the eye. Green arrows mark gas channels through the shell, and blue arrows mark spherodized pores.

surfaces. Occasionally, defects in the printing process appear as
missing wall segments, as seen in Figure 2a (left column). The
initial wall microstructure consists of Fe-24Ni ligaments separat-
ing gas mesopores (yellow letter G), with each ligament contain-
ing a microporous network. Initially the interior walls (Figure 1a,

middle column) and surface walls (Figure 2a, right column) are
identical as no sintering or volume shrinkage has occurred yet in
the specimen.

During cycling, mesopores gradually shrink due to the cyclic
expansion and contraction of the surrounding solid: During oxi-
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dation by steam, Fe oxidizes first to FeO and then to Fe3O4, with a
110% molar volume expansion. This brings neighboring regions
across the pores into contact, which then sinter irreversibly, both
when oxidized and, to a greater degree, during reduction.[5] As
a result, the corresponding volumetric contraction during reduc-
tion does not return the pore to its initial geometry. Instead, each
closed pore is filled with sintered Fe which forms an increasingly
dense network as this process repeats.

The role of Ni is to provide a metallic backbone that does not
participate in the redox reaction. As shown in a previous study of
freeze-cast Fe-24Ni specimens, Ni stabilizes the metallic lamel-
lae by adhering to the Fe3O4 layer in the oxidized state, then
providing a solid solution into which the freshly reduced Fe can
dissolve on subsequent reduction, so that neighboring lamellae
are less likely to sinter during their individual volumetric ex-
pansion and contraction. Metallic Ni additionally provides a ki-
netic acceleration of the H2 oxide reduction at the metal-oxide
interface.[26,28,34] Ni does not oxidize under steam, and previous
investigations showed that the ternary oxide NiFe2O4 does not
form.[26,34] During oxidation at 800 °C, 12 mol% Fe remains in
solid solution with Ni, unable to oxidize; the measured oxida-
tion degree is based on this theoretical weight gain assuming 88
mol% of Fe converted to Fe3O4.

Through 5 cycles (Figure 2b), the foamed lattice retains poros-
ity at the channel, gas mesopore, and ligament micropore lev-
els, but at 10 cycles (Figure 2c) and beyond the micropores (red
arrows) and gas mesopores (yellow letter G) have densified sig-
nificantly, especially at the surfaces of each wall, as shown in
Figure 2c,d (white outlines). A dense shell forms, most probably
due to poor adhesion between the Fe3O4 and metallic Ni back-
bone as observed in lamellar Fe-Ni foams[26,34] in each cycle, this
outer shell becomes increasingly depleted in Ni, eventually losing
diffusional contact with the Ni backbone.[26] The oxidized surface
microstructure is shown in Supplementary Figure S2, Support-
ing Information initially the oxide contains significant ligament
microporosity due to the microporous network left by escaping
H2O, but after 20 cycles no ligament microporosity remains at
the surface.

Localized densification at the wall surface is particularly delete-
rious as the dense outer shell, characteristic of the shrinking core
model reduction of iron oxides, blocks gas access to the foamed,
porous walls. As a result, loss of redox activity does not occur
linearly with densification of the walls, it depends strongly on
the thickness and porosity of their outer layer. At 10 cycles, the
outer shell is still relatively porous, with gas channels seen even
in cross-section (Figure 2c, green arrows). At 20 cycles, however,
the shell is fully dense (Figure 2d, white dashed area).

Although the metallic Ni phase stabilizes the structure during
oxidation, the propensity of the Fe-24Ni solid solution to rapidly
sinter pores slows redox kinetics over time.[26,34] This is because
the microporous network within each wall, maintained during
cycling by the egress of exhaust steam, is either sintered closed
completely or spherodized (Figure 1d, blue arrows). This mech-
anism contributes to the densification of the walls, as gas cannot
quickly flow to their interior lattice with the microporous net-
work sintered closed. The closing of the microporous network
can be seen in the large drop in microporosity between 10 cycles
(Figure 2c) and 20 cycles (Figure 2d). This coincides with a sim-
ilar loss in microporosity for the outer shell, resulting in much

slower redox kinetics for further cycling. After 20 cycles, a 90 min
oxidation period results in just 11% oxidation of the sample, by
mass, as compared to 82% after 10 cycles.

As shown in Figure 3, cross-sectional micrographs with corre-
sponding EDS maps of the foamed lattice after 20 cycles reveal an
interesting trend areas of the lattice walls surrounding the meso-
pores are Ni-poor, while areas further from mesopores and other
surfaces are closer to the expected Fe-24Ni composition. Corre-
spondingly, Ni-rich areas are much denser, while the Ni-poor ar-
eas, close to mesopores, are more microporous, with the excep-
tion of the outer shell (which contains no Ni and little microp-
orosity). This microstructure is evidence of segregation similar
to that observed previously for Fe-Ni freeze-cast foams.[26,34] Dur-
ing oxidation, Fe atoms diffuse to the surface to oxidize; in the
Fe(Ni) solid solution, Ni atoms balance this mass flux and dif-
fuse inward, resulting in a characteristic Ni-rich core / Fe oxide
shell structure. Delamination between shell and core can inhibit
the diffusion of Fe back into the Ni core, however, resulting in
phase segregation in the reduced state between Ni-poor, porous,
outer areas (where the microporosity has increased diffusion dis-
tance inwards), and Ni-rich, dense inner areas, where the Ni re-
mained during oxidation (thus having more time to sinter micro-
pores closed). This segregated microstructure is evidence of both
the self-healing effect of Ni on the lattice (which, in this case, is
detrimental as it reduces porosity) and of a lack of diffusional
pathways for Fe in porous areas to diffuse back to the interior of
the wall.

3.3. Fe-16Mo Foamed Lattices

3.3.1. Microstructural Evolution of Fe-16Mo Lattices

Fe-16Mo foamed lattices evolve in a more complex manner dur-
ing cycling due to the multiple phases present in both the ox-
idized and reduced states. To address this complexity, we first
discuss the microstructural evolution of the lattice, then relate
those microstructural factors to bulk changes in the lattice pore
structure and to the surface evolution. As discussed in more de-
tails below, the redox cycling results in first a relatively rapid ho-
mogenization of the initially highly segregated microstructure,
followed by a slower segregation of Mo into dense, slow-reacting
agglomerates. Throughout this process, however, the porous wall
remains able to oxidize to 92% of the maximum value and to sub-
sequently reduce completely to the metallic state.

The Fe-16Mo lattice, as shown in Figure 4a after pretreatment,
consists of a two-phase mixture of bcc Fe with ∼4 at% Mo in
solid solution (green letter F) and 𝜆-Fe2Mo (orange letter M),
as also reported in lamellar foams of the same composition.[32]

The bcc Fe phase (white dashed region), which makes up a ma-
jority of the volume of the walls, consists of larger, meso-scale
domains displaying small amounts of microporosity. The Fe2Mo
Laves phase (yellow dashed region) consists of micro- and nano-
scale domains consistent with the CVT reduction mechanism
that controls MoO2 and Fe2Mo3O8 reduction. The smaller size
of the Fe2Mo regions is also indicative of the sintering inhibi-
tion effect from Mo, as neighboring intermetallic regions do not
sinter together quickly. These phases can be distinguished by z-
contrast in the electron images in Figure 4, with the bcc Fe phase

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (6 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. SEM micrographs of cross-sections of representative foamed walls after 20 redox cycles with corresponding EDS maps for Fe (orange) and
Ni (pink) for a) the wall interior and b) the wall surface. Green dashed lines guide the eye for the demarcation between the Ni-rich region (inside green
dashed lines) which are denser, and the Ni-poor region (outside green dashed lines), which are more microporous.

appearing dark gray and the intermetallic, Mo-rich phase appear-
ing light gray/white. Phase composition was confirmed by XRD,
shown in Figure S3, Supporting Information.

Both Fe and Mo can be oxidized by steam at 800 °C. In
this system, three phases are formed, shown in Figure 4b,
Fe3O4 (green letter F), and a mixture of MoO2 and Fe2Mo3O8
(orange letter M). While the Mo-containing phases are diffi-
cult to distinguish with EDS, it is assumed that the mixed
oxide forms at the interface of Mo-rich and Fe-rich regions,
while MoO2 forms at the center of Mo-rich regions, particu-
larly as segregated Mo-rich regions grow in size. Phase compo-
sition was confirmed by XRD, shown in Figure S3, Supporting
Information.

The distribution of these phases is shown in Figure 4a (right).
Unlike the Fe-24Ni wall microstructure, the interpenetrating,
multiphase structure in the oxidized state prevents the Fe3O4
from coarsening, as each Fe3O4 domain is closely bordered by

MoO2 and Fe2Mo3O8, preventing diffusion and sintering in the
microstructure.

After 10 cycles, the reduced microstructure (Figure 4c) is sim-
ilar to the initial state, albeit with a shrinkage in the mean gas
mesopore size. There is a clear separation between Fe-rich bcc
(white dashed region) and Mo-rich Fe2Mo (yellow dashed region).
The oxidized microstructure (Figure 4d) shows some homog-
enization, with Fe2Mo3O8 and MoO2 regions extensively inter-
spersed in Fe3O4 regions (red arrow), rather than remaining fully
segregated. This indicates that the cycling has a homogenizing ef-
fect on the microstructure: as the Fe-rich regions expand (on ox-
idation) and contract (on reduction), they may envelop neighbor-
ing Mo-rich domains due to the higher volume fraction of Fe3O4
in the wall; this behavior is reminiscent of that observed in re-
dox cycling of lamellar Fe foams containing stainless steel bridg-
ing fibers, where the Fe cyclically accumulates on nearby non-
Fe phases during cyclical expansion and contraction.[49] This ef-

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (7 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. SEM micrographs of Fe-16Mo foamed microlattice wall cross-sections with 20 μm scale bar at a,b) 0, c,d) 10, e,f) 20, and g,h) 50 cycles in the
reduced (left column) and oxidized (right column) states. Red arrows mark Mo agglomerates. Yellow and white dashed areas mark Mo-rich and Fe-rich
microporous regions, yellow letter “G” marks gas mesopores, green letter “F” marks Fe-rich phase, orange letter “M” marks Mo-rich phase.

fect, combined with the overall shrinkage of the foamed walls re-
sulting in loss of mesoporosity, brings the two phases into closer
contact, resulting in improved dispersion of the Mo in the lattice
walls. Regions with high Mo content and relatively small MoO2
domain size (yellow dashed region) also show increased microp-
orosity, probably due to enhanced sintering inhibition.

Between 10 and 20 cycles, the reduced microstructure changes
significantly (Figure 4e). Most gas mesopores larger than 10 μm
have shrunk to a smaller size, though the microporous network

within each wall remains open and fully connected. Histograms
showing the pore size distribution are provided in Figure S4,
Supporting Information. The most striking development is the
growth and shape change of the large Mo-rich regions in the
lattice (Figure 4e). They were originally elongated and relatively
small (1 μm width), as seem in (Figure 4a and Figure 2b), but
after redox 20 cycles, they have coarsened to 2–3 μm in width
and begun to spherodize. These Mo-rich regions also no longer
show porosity at their center, indicating the Mo within them is

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (8 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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no longer undergoing cyclical redox reactions. These morpholog-
ical changes correspond to the appearance of bcc Mo peaks in the
XRD spectra (Figure S3, Supporting Information), indicating that
these Mo-rich regions are fully segregated from the surrounding
Fe matrix.

The foamed walls at 20 cycles are Mo-rich in some areas
(Figure 4e, yellow dashed area) and Mo-poor in others (Figure 4e,
white dashed area). Both regions have significant microporosity,
however, indicating that, even in Mo-poor areas, the Mo content
is sufficient to inhibit sintering. The oxidized state (Figure 4f)
contains the same features, but with a smaller micropore size
due to filling from the volume expansion during oxidation, but
the foamed walls remain porous and able to oxidize to 92% in 90
min steam exposure.

The segregation of Mo follows two distinct transport pathways
that decrease interactions between Mo and Fe. Within walls, Mo-
rich aggregates form and gradually coarsen with additional cy-
cling. The transport of Mo is accelerated during the reduction of
MoO2 and Fe2Mo3O8: for these oxides, the reduction is expected
to proceed via chemical vapor transport mechanism, in which
vapor phase MoO2(OH2) forms in the vapor phase before con-
densing as pure 𝛼-Mo.[29–31] Once condensed, the nascent 𝛼-Mo
will react with Fe to form Fe2Mo; however, as Fe coarsens at the
exterior of the wall, there will be less Fe distributed within the
wall to react and form Fe2Mo. Mo that is unable to form Fe2Mo
will instead coarsen via bulk and surface diffusion to form the
Mo-rich aggregates observed in Figure 4.

Once coarsened, the Mo-rich aggregates can be considered as
unreactive regions, since the relatively slow kinetics of oxidation
and reduction of densified Mo prevent these aggregates from
contributing substantially to the overall redox response of the
sample. Additionally, these aggregates no longer provide sinter-
ing inhibition to the surrounding matrix as they have limited in-
teraction with Fe.

At 50 cycles (Figure 4g), the major changes in the reduced
microstructure are: (i) Mo-rich microporous areas are no longer
common in the bulk of the lattice and (ii) Mo aggregates have
further coarsened (to 4 μm width when reduced) and they are in-
creasingly spherical in shape. No Fe-rich aggregates are observed
in the wall interiors, though an Fe shell has formed (as discussed
below). The oxidized microstructure (Figure 4h) closely resem-
bles the reduced microstructure, albeit with lowered porosity;
however, the lack of reactivity in the center of the Mo-rich agglom-
erates is clearly seen from the z-contrast: the centers are bright
white, indicating high Mo with little to no O or Fe present. How-
ever, the lattice walls remain porous in both the reduced and oxi-
dized state, allowing for 92% oxidation and 98% reduction in the
90-min half cycles.

3.3.2. Surface Evolution of Fe-16Mo Lattices

Shell formation at the wall surfaces, due to the net diffusion of Fe
outwards during oxidation combined with irreversible sintering
of Fe3O4 regions that come into contact, occurs in Fe-16Mo lat-
tices as well, though the sintering inhibition provided by Mo pre-
vents this shell from becoming fully dense as in Fe-24Ni. Images
of the wall surface in the reduced and oxidized states are shown
in Figure 5. At 10 cycles (Figure 5a) a shell is visible, though it

is not yet fully formed: regions of Fe aggregation are observed
on the surface of the underlying microporous walls. Large pores
(yellow arrows) are frequent throughout the wall surface. In the
oxidized state (Figure 5d), a highly porous Fe3O4-rich shell covers
the wall surface. The inset in Figure 5d reveals that this shell con-
sists of oxide grains ranging in size from 1 to 10 μm, with little
contact between neighboring grains. Some larger cracks (green
highlight) are observed as well.

At 20 cycles in the reduced state (Figure 5b), an Fe-rich shell
covers most of the wall surface. However, wide cracks cut through
the shell frequently, exposing the porous interior of the wall, so
that the shell does not slow the kinetics of the reaction, as gas
can easily reach the microporous interior. Gas mesopores (yellow
arrow) remain connected to the surface as well, providing another
easy path for gas access to the microporous wall interior.

Similarly, in the oxidized state (Figure 5e), the fully formed
shell contains large pores (yellow arrows) as well as smaller pores
and cracks (inset, green arrows) that allow gas to pass through
and react with the interior. In some regions, high Mo content
also leads to the formation of intergranular MoO2 and Fe2Mo3O8
(Figure 5e, blue regions) that suppress shell connectivity, or a sur-
face consisting entirely of porous MoO2 and Fe2Mo3O8. Higher
magnification views of these features are shown in Figure S5,
Supporting Information.

At 50 cycles (Figure 5c), the wall shell has undergone further
transformation, as more micropores have developed in its sur-
face. This is expected to occur through the continuing diffusion of
Mo throughout the lattice because of the concentration gradient
created via the continual depletion of Mo at the wall surface due to
chemical vapor transport.[29] The oxidized shell (Figure 5f) is sim-
ilar to that at 20 cycles, with cracks occurring at both the a larger,
wall-length scale (Figure 5f, green region) and at a smaller, in-
tergranular scale (Figure 5f inset, green region). Gas mesopores
open to the surface are no longer common.

The wall surface microstructure after 50 cycles, shown in
cross-sections in Figure 6 for the reduced and oxidized states, re-
veals an additional mechanism of degradation. In this area, Mo
appears to be completely removed from the specimen through
the formation of the vapor phase MoO2(OH)2,[29,30,50] consistent
with the observation of Mo deposits on the furnace tube. This is
shown both by the total lack of Mo at the outer surface of the wall
in the oxidized state (Figure 6b) and through the gradual mass
loss during cycling of each specimen. After 50 cycles, an aver-
age mass loss of 4.75% is measured, corresponding to a loss of
29% of the initial Mo content, assuming no mass loss from other
sources (such as spalling). This degradation mechanism could
be prevented by lowering the temperature of operation, which
would however slow the reaction kinetics.

These mechanisms lead to distinct regions in the oxidized mi-
crostructure near the wall surface after 50 cycles, as shown in
Figure 6 Mo-rich aggregates (red arrows), a microporous, two-
phase oxide mixture (region III), a mesoporous Fe-rich phase (re-
gion II), and a Fe3O4 shell (region I). Further inside the walls, far
from the surface, the microporous microstructure and the Mo-
rich agglomerates are observed. In the reduced state, the distinc-
tion between regions II and III is not as clear; rather, a homoge-
nous mixture of Fe and Mo is observed between micron-scale
Mo-rich regions. The shell is now a Fe-rich layer at the surface
of the wall, which is not fully dense in the reduced state (due to

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (9 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. SEM micrograph of Fe-16Mo microlattice wall surfaces illustrating shell formation after a) 10 cycles, b) 20 cycles, and c) 50 cycles in the
reduced (a-c) and oxidized d–f) states. High magnification views (bottom row) show intergranular fracture in the oxidized shell. Green arrows and green
bands highlight cracks. Yellow arrows mark gas mesopores. Blue regions highlight mark Mo-rich regions.

the cracks and pores discussed in Figure 5), allowing gas to reach
the microporous interior wall volume.

The EDS mapping shown in Figure 6 raises the question why,
since the surface of the wall is devoid of Mo, does the Fe3O4 re-
gion not sinter into a fully dense shell as in the Fe-24Ni lattice.
As shown previously in Figure 5, cracking is common in the ox-
idized state. These cracks appear to be crucial in preventing the
sintering of the outer shell. These cracks do not heal during the
cyclic expansion and contraction of the walls, and the difference
in molar volume expansion and contraction between the outer,
mostly dense Fe to Fe3O4, and the underlying porous Fe/Fe2Mo
mixture to Fe3O4/Fe2Mo3O8/MoO2 is probably sufficient to re-
open cracks each cycle, up to 50 cycles. Continued cyclability is
expected given the slow rate of densification through 50 cycles,
though the depletion of Mo in the lattice will eventually result in
accelerated degradation.

The retention of micropores in the walls of the lattice, which is
vital to the continued reactivity of the specimens, is due in part to
the cyclical regeneration of pores during the reduction of MoO2
and Fe2Mo3O8. Since these phases reduce via chemical vapor
transport, the resultant Fe2Mo grains are nanocrystalline.[31,51]

Because this phase is cyclically recrystallized with some degree
of submicron porosity between the nanocrystalline grains after
each reduction, sintering of pores is inhibited and new pores are
introduced each cycle. Evidence of this process is seen also in
BET surface area measurements summarized in Figure 7, with
full adsorption data available in Figure S6, Supporting Informa-
tion.

3.3.3. Macroscopic Changes in Fe-16Mo Lattices

Macroscopic changes in the Fe-16Mo lattices are shown in Figure
8 for the surface (left) and interior (right) of walls after (a) 0,
(b) 10, (c) 20, and (d) 50 redox cycles. The initial foamed lattice
architecture is very open, with hierarchical porosity of millime-
ter channel pores, 20 μm-scale gas mesopores (yellow arrows),
and microscale pores between different phases. After 10 cycles,
the overall porosity decreases as the lattice shrinks, though the
same hierarchy of pore size is observed. After 20 cycles, the lat-
tice continues to shrink, and many of the gas mesopores have
disappeared. After 50 cycles, these gas mesopores are even rarer.

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (10 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. SEM micrographs and corresponding EDS maps (for Fe, Mo, and O) of a representative Fe-16Mo microlattice wall cross-section after 50
cycles in the a) reduced and b) oxidized states. Red arrows mark Mo agglomerates. The dashed lines in (b) guide the eye for three regions of distinct
microstructure: I. densified Fe3O4 shell, II. Porous Mo-poor lattice and III. Mo-rich microporous ergins.

The wall surface is significantly less porous, though as previously
seen in Figure 5f, substantial microporosity is present. At 10, 20,
and 50 cycles, large cracks can be seen in the specimen surface
(green arrows). In the absence of gas mesopores, as is the case af-
ter 50 cycles, these cracks expose the porous wall interior to gases
allowing for reactivity even after severe densification.

Fe-16Mo foamed lattices are more prone to local collapse af-
ter sintering, as shown by missing wall segments in Figure 8,
right column. This is due to the lower mechanical stability of
the less-sintered, mixed-phase microstructure, sometimes result-
ing in failure when handling the specimens. These defects are
not expected to influence the overall redox behavior of the lat-

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (11 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Evolution of pore volume and BET surface area with redox cycle
number for Fe-16Mo microlattices, as measured in the reduced state.

tice, and they are excluded from measurements of macroscopic
porosity these defects will affect the mechanical properties of
the various lattices, which is however beyond the scope of this
study.

From the cross-sectional images, five microstructural parame-
ters of the foamed lattices are measured to assess its degradation
with cycling: (a) overall porosity (including contributions of chan-
nel pores, gas mesopores, and ligament micropores), (b) wall
porosity (overall porosity excluding the millimeter-scale channel
pores), (c) mean ligament size, (d) mean pore size (excluding
large channels), and (e) mean channel size. These parameters are
reported in Figure 9 for both Fe-24Ni and Fe-16Mo compositions.

Figure 9a shows that, whereas both foamed lattices start with
the same initial porosity, the Fe-24Ni lattices initially lose porosity
much faster than the Fe-16Mo lattices, before reaching a steady
state corresponding to stable channel size (Figure 9e). For Fe-
24Ni, the wall porosity (Figure 9b) continues to decrease, corre-
sponding to the continued increase in ligament size (Figure 9c).
The micropore size (Figure 9d) first decreases rapidly as pores
pinch off and shrink, but then stabilizes. This is attributed to two
factors: first, the remaining pores spherodize, increasing their
measured size as compared to a longer, channel-like pore. Sec-
ond, the pores shrink and disappear by sintering, removing their
contribution to the pore size measurement.

The pore evolution is quite different for the Fe-16Mo lattices.
Although the porosity and wall porosity decrease (Figure 9a,b),
this decrease is much more gradual than in the Fe-24Ni lat-
tice. The micropore shrinkage (Figure 7d) and ligament growth
(Figure 9c) are more stable as well, with the average ligament
size increasing from 10 to 15 μm in 50 cycles, as compared to
an increase from 10 to 60 μm in the Fe-24Ni lattices. The stabil-
ity in pore size is consistent with the microstructural evolution
observed in Section 3.2.1, as the distribution of Mo throughout
the walls prevents large-scale sintering in both the reduced and
oxidized states.

The channel width (Figure 9e) in the Fe-16Mo lattices con-
tinue to decrease linearly throughout cycling, whereas the Fe-
24Ni channel width stops decreasing after 10 cycles. This con-
tinued decrease is an indication of the continued redox reactivity

of the sample, and the lack of a dense, rigid shell around each
wall. The formation of this dense shell in the Fe-24Ni lattices con-
tributes to both the lack of reactivity and the halting of further
macroscopic shrinkage of the lattice.

3.4. Comparison to Freeze-Cast Lamellar Foams

Previous work has examined Fe-25Ni (at%) and Fe-25Mo (at%) re-
dox cycling in freeze-cast foams consisting of lamellae ∼ 20 μm
wide, separated by lamellar channels ≈40 μm wide. By comparing
our previous findings with the results of this work, we can draw
conclusions about the influence of bulk architecture on the struc-
tural evolution of these porous materials during redox cycling.
While the exact compositions differ between the ink-printed lat-
tices and the freeze-cast foams, the same reactions occur, and
the same phases form, allowing for a meaningful comparison
between the different architectures.

Figure 10 shows, for these two architectures, the evolution
with redox cycling of porosity, envelope volume change (mea-
suring the outer envelope of the sample), micropore size, and
ligament/lamella size, as measured through cross-section im-
age analysis. Specimen porosity and envelope volume change are
the two measures best used to evaluate the bulk sample change,
while the micropore and ligament size reflect microstructural
changes at the ligament/lamellar level. The porosity and enve-
lope volume change measurements (Figure 10a,b) clearly show
a difference in behavior between freeze-cast lamellar foams and
ink-printed foamed lattices: the latter tend to lose porosity and
volume at a faster rate than the former. This is because, for a
freeze-cast lamellar foam, changes in bulk porosity or volume
can only occur when neighboring lamellae buckle, contact each
other, and sinter at the contact point otherwise the limited con-
nections between lamellae strongly inhibit mass transport that
might result in pore shrinkage. The pore size is important as
well: freeze-cast lamellar foams contain highly anisotropic, pla-
nar channels separated by thin lamellae, whereas our ink-printed
foamed lattices contain fully interconnected walls with spheri-
cal pores that can more easily shrink as the solid regions sur-
rounding them sinter. Because the ink-printed lattices are fully
3D interconnected with relatively easy mass transport through-
out their volumes, the porosity loss and volume loss are faster
as compared to freeze-cast lamellar foams which show a highly
anisotropic lamellar structure.

Microstructurally, the two architectures perform similarly. In
particular, the ligament/lamella size is quite consistent across
both Fe-Mo architectures (Figure 10d). This indicates that the
microporous microstructure is maintained regardless of ar-
chitecture or macroscopic porosity changes. Micropore size
(Figure 10c) varies more in the freeze-cast lamellar foams due
to the unpredictable pattern of buckling that can emerge (partic-
ularly for large freeze-cast lamellar colonies), driving some chan-
nels to widen, thus increasing the average value. The high vari-
ability of behavior in lamellar foams is clear, especially when com-
pared to the very low variability for the foamed lattices. The dis-
crepancy is greatest for the Fe-25Ni composition, since unpre-
dictable lamellar buckling and sintering results in some freeze-
cast foams densifying much faster than others, while the ink-
printed foamed lattices are remarkably consistent.

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (12 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. Macroscopic evolution of Fe-16Mo lattices shown at the surface (left) and interior (right) at a) 0, b) 10, c) 20, and d) 50 cycles. Yellow arrows
mark gas mesopores. Green arrows mark large cracks in the lattice surface.

An important metric not measured in this study is the me-
chanical stability of the two porous architectures. Qualitatively,
the ink-printed foamed lattices are significantly stronger and easy
to handle without damage, increasing their practicality as com-
pared to freeze-cast lamellar foams. A quantitative study of the
mechanical properties of the foamed lattice with different com-
position lies beyond the scope of this study but could be valuable
for practical applications of the material.

4. Conclusions

The macro-, meso- and microstructural evolution of Fe-24Ni and
Fe-16Mo ink-printed foamed lattices are examined during re-
dox cycling. The lattices contain three distinct pore categories
that form a hierarchically-porous architecture: (i) millimeter-
scale channels separating walls printed from the ink, (ii) 20-μm
scale gas mesopores within printed walls, from the foaming pro-

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (13 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 9. Evolution with redox cycles of microstructure of Fe-24Ni and Fe-16Mo microlattices a) overall porosity, b) wall porosity (excludes channel
pores), c) ligament size (excludes channels), d) pore size, e) channel size.

cess within the ink, and (iii) 1-μm scale micropores in ligaments
separating mesopores, from the escape of steam/hydrogen dur-
ing redox cycling.

The rapid sintering behavior of the Fe-24Ni lattices results
in densification and sintering of both meso-and micropore net-
works in the foamed walls, causing the lattices to lose their reac-
tivity, due to choking of gas access, after 30 cycles. By contrast,
the Fe-16Mo foamed lattices remain fully reactive up to 50 cycles
and open to redox gases, due to the sintering inhibition of Mo
and the phases formed. The Fe-16Mo foamed lattices comprise
2–3 different phases: bcc Fe(Mo) and 𝜆-Fe2Mo in the reduced

state, and Fe3O4, MoO2, and Fe2Mo3O8 in the oxidized state. The
Mo-rich phases prevent local densification by sintering, allowing
the micropore networks to remain open, thus enabling ingress
and egress of hydrogen and steam during redox cycling. The two-
phase microstructure (bcc Fe(Mo) and Fe2Mo) homogenizes dur-
ing cycling as the two-phase regions are cyclically brought into
contact, resulting in homogeneous microporosity throughout the
walls. With continued cycling, this microstructure is generally
maintained, though Mo is gradually depleted through both aggre-
gation into slow-reacting, 5-μm wide Mo-rich regions and chem-
ical vapor transport out of the lattice.

Adv. Funct. Mater. 2023, 33, 2307470 2307470 (14 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 10. Evolution with redox cycles of microstructure of foams with various architectures a) total porosity, b) envelope volume change, c) micropore
size, and d) ligament/lamella size. Data shown for freeze-cast foams (Fe-25Ni and Fe-25Mo[26,32]) and ink-printed foamed lattices (present study) for
Fe-24Ni (red) and Fe-16Mo (orange) up to 50 cycles.

The two-phase microstructure of Fe-16Mo foamed lattices also
prevents the formation of a fully dense outer shell on its extruded
walls: while an Fe-rich shell forms, large cracks (probably caused
by mismatch in expansion and contraction of the two underlying
phases, Fe and Fe2Mo) allow full gas access to the porous inte-
rior, allowing each wall to remain redox active, even after severe
shrinkage. These microstructural effects closely follow those ob-
served in freeze-cast, lamellar foams of the same composition.
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