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A B S T R A C T   

Freeze-cast Fe-20Ni-20 W (at%) foams suitable for high-temperature redox cycling show excellent microstruc
tural stability and regenerative porosity formation, but they exhibit slower reduction kinetics as compared to 
previously studied Fe-25 W foams. The Fe-20Ni-20 W lamellar foams, after initial hydrogen reduction, consist of 
a two-phase mixture of µ-Fe7W6 and γ-Fe(Ni,W), with significant microporosity due to the sintering inhibition of 
W. During oxidation by steam at 800 ◦C, these phases are oxidized to a three-phase mixture of (Fe,Ni)WO4, 
Fe3O4, and γ-Ni(Fe); upon subsequent reduction by H2, the foams return to their initial composition. The 
chemical vapor transport reduction of FeWO4 results in the formation of submicron pores during each reduction 
half-cycle which accelerate subsequent reaction and limit sintering in the reduced state. The reduction of mixed 
oxide is relatively sluggish, which is likely due to the increased stability of the (Fe,Ni)WO4 phase brought on by 
the substitution of Ni in Fe sites in FeWO4.   

Introduction 

Iron powders are attractive for redox-based energy storage devices 
operating at high temperature, such as rechargeable oxide batteries 
(ROB) or cyclic looping combustion reactors (CLC), due to their low cost, 
low toxicity, and high reactivity in both oxidizing and reducing envi
ronments [1–5]. However, the development of these technologies has 
been stunted by rapid degradation of Fe powder beds during redox 
cycling at high temperatures [6,7]. Due to the large volumetric expan
sion of Fe during oxidation, neighboring particles substantially increase 
their contact area in the oxidized state. Then, due to the high temper
ature of operation, contacting particles irreversibly sinter, reducing the 
surface area of the particle system. In just a few redox cycles, this sin
tering and densification mechanism degrades drastically any initially 
high reactivity. Two strategies have been researched to minimize this 
sintering-induced degradation: (i) utilizing additives that, when mixed 
with Fe, can mitigate degradation on a microstructural level [8,9], (ii) 
structured fabrication techniques (e.g., directional freeze casting [10]) 
designed to create porous architectures that will mitigate densification 
on a macrostructural level. 

Previously, we have shown the efficacy of tungsten as a sintering 
inhibition agent when alloyed with iron [11]. Due to the very high 
melting point of W, its ability to undergo redox reactions, and its unique 

chemical vapor transport (CVT) reduction mechanism, Fe-25 W foams 
show excellent stability (i.e., no sintering) over 100 full redox cycles 
[11]. Additionally, we have previously shown that nickel is effective in 
accelerating the reduction kinetics of Fe3O4 and FeO to Fe at high 
temperatures [12]. Both studies utilized directionally freeze-cast foams 
with thin lamellae (10–20 μm wide), to ensure gas access and minimal 
degradation. Since the main drawback observed in the Fe-25 W study is 
a long reduction period, we hypothesize here that Ni additions accel
erates reduction, improving the performance of the Fe-W system. 

Here, we present the high-temperature redox cycling behavior of Fe- 
20Ni-20 W (at%) freeze-cast foams. This composition was chosen to 
ensure both high W content for sintering inhibition, and high Ni content 
to accelerate reduction. As described in detail below, we find that, while 
the foams retain the excellent redox stability expected from the high W 
content, the Ni addition does not accelerate reduction, while also 
slowing oxidation. This unexpected lack of effect from Ni is attributed to 
the formation of ternary Fe-W-Ni-based oxides with high stability. 

Fe-20Ni-20 W (at.%) lamellar foams were fabricated by preparing an 
aqueous (87.5 vol% H2O) slurry composed of oxide powders – 5.11 vol% 
Fe2O3 (Noah Technologies, 99.9 %, < 3 µm), 1.25 vol% NiO (Skyspring 
nano, 99.9 %, 50 nm), and 3.63 vol% WO3 (Skyspring nano, 99.5 %, <
100 nm) - in the correct proportion to form the desired final composition 
after reduction; micrographs of the oxide powders are shown in 
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Supplementary Figure 1. 0.5 vol% Zephrym PD4974 (Croda) was used as 
a dispersant to prevent agglomeration of the oxide particles. The slurry 
was ball milled with yttrium-stabilized zirconia milling media for 24 h to 
ensure good mixing of the powders, then combined with the polymer 
binder (2 vol% polyethylene glycol (Mn=3350, Sigma Aldrich)), direc
tionally freeze-cast, freeze-dried, debinded, and reduced under H2 ac
cording to previously reported details [11]. Redox cycling was 
performed at 800 ◦C - under flowing H2O for oxidization, and under 
flowing H2 for reduction - with details reported in Ref. [11] In-situ X-ray 
diffraction (XRD) during redox cycling was performed on a small portion 
of a foam under conditions similar to the bulk redox cycling. Following a 
ramp at 30 ◦C/min to 800 ◦C, data were acquired in 1-minute spectra 
until the experiment was completed. Unlike previous studies which used 
Ar-4 %H2 as the reducing gas, pure H2 was used for our in situ experi
ment, because of the increased thermodynamical stability of the 
oxidized state as discussed below. Microstructural characterization 
(SEM) used the same techniques as reported in Ref. [11]. 

In situ XRD results for Fe-20Ni-20 W freeze cast foams are shown in 
Fig. 1 for reduction at 800 ◦C by pure H2 and oxidation by steam with Ar 
as a carrier gas. 

Fig. 1a shows time-resolved XRD spectra for the first two redox cy
cles. The corresponding normalized peak integrals for the strongest peak 
of each phase are shown for the metallic phases (Fig. 1b) and for the 
oxide phases (Fig. 1c). The four blanks in the data are times when 
diffraction spectra were not measured while the gas environment was 
changed, corresponding to the change between a reducing environment 
(abbreviated red) and an oxidizing environment (abbreviated ox). The 
expected equilibrium phase composition in the reduced state at 800 ◦C is 
shown in the ternary phase diagram in Supplementary Figure 2. 

The foam initially consists of a two-phase mixture of μ-Fe7W6 and 
γ-Fe(Ni), after reduction at 1200 ◦C from the freeze-cast oxides. As 
shown in Fig. 1(a-c), oxidation begins at t = 5 min, immediately upon 
H2O (steam) exposure and proceeds rapidly, such that the formation of 
the transient FeO phase is not resolved at the scan time of 1 min. FeWO4 
first forms 2 min into oxidation, with subsequent, slower formation of 

Fe3O4 at 5 min into oxidation. The formation of Fe3O4 is accompanied by 
a shift in the lattice parameter of the γ-Ni solid solution (to higher value, 
for the peak at 2θ=15.6◦), as Fe in the matrix is oxidized and Ni becomes 
the majority element. The Fe-Ni-O phase diagram indicates that, at full 
oxidation, the γ-Ni(Fe) solid solution contains ~12 % Fe. At t = 19 min, 
the gases are switched and reduction under H2 begins. Fe3O4 is reduced 
first, in 6 min, with a corresponding return of the γ-Ni lattice parameter 
to its initial state. Reduction of FeWO4 takes a much longer time (23 
min), forming nano-crystalline Fe7W6, resulting in broad, poorly 
resolved peaks rather than the initially sharp peaks observed for t < 5 
min (before the start of oxidation). These nanocrystals influence suc
cessive cycles, as shown by the second oxidation and reduction: both are 
accelerated, with oxidation completed in 10 min, and reduction 
completed in 17 min. The transient re-formation of Fe3O4 during the 
reduction period (as seen by data at t = 35, 65, and 70 min) indicates 
that there may be some gas flow tortuosity, resulting in evolved steam 
re-oxidizing previously reduced portions of the sample. 

The acceleration of reaction kinetics after the first redox cycle is 
consistent with previous studies of Fe-25 W and Fe-25Mo lamellar foams 
[11,13]. It is attributed to an increase in surface area and decrease in 
diffusion distance associated with the formation of nanocrystalline 
intermetallic phases and corresponding submicron porosity. While this 
is also observed for Fe-20Ni-20 W, the overall reduction rate is much 
slower than expected for reduction with pure H2. For comparison, 
reduction of Fe-25 W under pure H2 takes 15 min for the first cycle, and 
7 min for the second cycle (shown in Supplementary Figure 3), 
compared to present results (23 and 17 min for Fe-20Ni-20 W, respec
tively). This result is unexpected, given the reduction acceleration effect 
as compared to pure Fe observed in the Fe-25Ni binary system [12]. This 
slowdown in reduction is attributed to increased stability of the mixed 
oxide FeWO4. While a distinct FexNiyWOz compound is not formed, 
substitution of Ni into the Fe sites of FeWO4 is likely (forming (Fe,Ni) 
WO4), and a similar substitution is observed in the intermetallic Fe7W6 
(forming (Fe,Ni)7W6). This Ni substitution is expected to increase the 
stability of the mixed oxide via configurational entropy, and it appears 

Fig. 1. In situ X-Ray diffraction data for redox cycling of Fe-20Ni-20 W lamellae at 800 ◦C. (a) Waterfall XRD spectra are shown as a function of time for the first two 
redox cycles, with all phases labelled. (b) Normalized peak integrals for metallic phases: µ-Fe7W6 (black), γ-Fe(Ni) (dark blue), and γ-Ni(Fe) (cyan). The two γ phases 
are distinguished by their peak positions, with the Ni-rich γ-Ni(Fe) peak shifted to higher 2θ values as compared to the Fe-rich γ-Fe(Ni) peak; for this reason, the γ-Ni 
(Fe) signal is only analyzed when at a 2θ value distinct from the γ-Fe(Ni). (c) Normalized peak integrals for oxide phases: FeWO4 (green) and Fe3O4 (red). Green 
arrows in (b,c) mark instances of transient re-oxidation during the reduction half-cycles. 
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to be sufficient to negate any gains in reduction kinetics compared to the 
binary Fe3O4 reduction. 

Microstructurally, the Fe-20Ni-20 W foams closely resemble previ
ously studied Fe-25 W foams. After freeze-casting and reduction of the 
blends of oxide powder followed by sintering at 1200 ◦C, the micro
structure consists of a fully densified, interpenetrating network of γ-Fe 

(Ni) and µ-Fe7W6. Based on the ternary Fe-Ni-W phase diagram in 
Supplementary Figure 2, an equimolar mixture of γ-Fe(Ni,W) and µ-(Fe, 
Ni)7W6 is expected, and this phase mixture is observed in the as- 
fabricated foams. Both phases contain a high amount of Fe, the differ
ence in the observed size is a result of the difference in sintering and 
coarsening behavior. The γ-Fe(Ni,W) contains relatively little W, and 

Fig. 2. Micrographs of Fe-20Ni-20 W freeze-cast foams after reduction and sintering. (a) radial cross-section electron image showing a macroscopic view of lamellae 
and channels, (b) radial cross-section electron image of channels (letter C) and lamellae (yellow letter L) (c) higher magnification electron image of lamella interior 
(radial foam cross-section) with ligaments (red letter L) and micropores (letter M) showing a two-phase microstructure (µ-Fe7W6 (white) and γ-Fe(Ni,W) (dark gray)), 
and (d) electron image of the surface of an unmounted lamella, showing microporous network made possible by sintering inhibition, with ligaments exhibiting a two- 
phase microstructure, shown in inset. 

Fig. 3. Electron micrographs showing surface structure of a single Fe-20Ni-20 W lamella after 1, 20, and 50 cycles in the reduced (top row) and oxidized (bottom 
row) states. Orange arrows mark micropores, red arrows mark submicron pores, red letter L marks examples of ligaments, and yellow arrows mark FeWO4 whiskers. 
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will thus coarsen and sinter much more than the intermetallic phase 
with high W content. Because of this, the γ-Fe(Ni,W) regions are larger. 
This initial state is shown in Fig. 2 at three different magnifications. The 
overall foam architecture, shown from a radial cross-section in Fig. 2a 
consists of metallic lamellae with uniform thickness separated by 
channels with varying width depending on the deformation of the 
neighboring lamellae. Fig. 2b shows a polished radial cross section of a 
group of lamellae (yellow letter L), each between 10 and 20 µm in 
thickness, separated by channels (letter C) templated by ice during the 
freeze casting step. The lamellae have significant internal porosity, as 
shown in Fig. 2c. The lamellar microstructure consists of an inter
penetrating network of solid ligaments (red letter L) and micropores 
(letter M). The solid ligaments are composed of µ-Fe7W6 (white) and 
γ-Fe(Ni,W) (dark gray). Both phases are present in ligaments <10 µm in 
size. The high volume fraction of both phases indicates that they are 
interpenetrating. Fig. 2d shows a single, unmounted lamella after 
reduction and sintering. The same two-phase network is visible, and the 
presence of significant microporosity is observed as well, forming an 
interconnected 3-dimensional porous network. This porosity remains 
from the volume contraction associated with the reduction of the green 
body oxide powders, and it does not sinter due to the sintering inhibition 
of the µ-Fe7W6 phase. 

Because of the sintering inhibition effects of W, the lamellae are 
initially porous, and they become increasingly porous with cycling. The 
overall utilization of Fe in each foam was determined by comparing the 
mass of the foam before cycling, after oxidation, and after reduction. All 
foams were able to fully oxidize and reduce in each 90-miunte oxidation 
and 90-minute reduction period, up to the measured 50 cycles. Micro
structural characterization did not reveal any directionality with respect 
to the foam reaction (e.g., residual oxidation at the top of the foam). The 
microstructure of a single lamella for foams subjected to 1, 20, and 50 
cycles, in the reduced and oxidized states, is shown in Fig. 3. The in situ 
XRD results (Fig. 1) indicate the formation of nanocrystalline µ-Fe7W6 
after the first oxidation/reduction cycle. This reduced state is shown in 
Fig. 3a. The microporosity present within each lamella is significantly 
increased: the microporous network (orange arrows) expands in volume, 
and submicron pores (red arrows) are visible between metallic ligaments 
(red letter L) comprising the lamella. The micropores probably expand 
due to gas egress: on reduction, steam is produced at free surfaces 
around each open micropore with gas access and it escapes through the 
microporous network, causing the pores to expand; this process has been 
observed in other redox cycling studies as well [12]. Because the 
µ-Fe7W6 phase is a strong sintering inhibitor, the newly-created and 
expanded micropores do not disappear by sintering after each cycle; this 
leads to a progressive increase in the porosity of the lamellae with 
continued cycling. The submicron pores form due to the reduction 
mechanism of FeWO4: this phase reduces in the presence of H2 by 
chemical vapor transport (CVT) forming a transient hydrated vapor 
phase (WO3(OH)2) which further reacts with H2 to condense as W on the 
surrounding Fe free surfaces with gas access, then reacts to form 
µ-Fe7W6 [14–16]. This gas-phase-precipitated µ phase is nanocrystal
line, as indicated by the XRD results, with submicron pores separating 
neighboring nanocrystalline µ-phase grains. Like the micropores, these 
submicron pores do not sinter due to the high sintering inhibition of the 
µ phase that borders them. In the oxidized state after 1 cycle (Fig. 3b), 
the microporous network remains present (orange arrows), though it is 
somewhat filled because of the volumetric as the metallic phase oxidizes 
to FeWO4 and Fe3O4. Formation of FeWO4 whiskers (yellow arrows) is 
observed as well. 

After 20 cycles in the reduced state (Fig. 3c), the microporous 
network has expanded further, with each lamella more closely resem
bling a fully porous powder foam rather than a sintered platelet. The 
cyclic redistribution of W during each reduction cycle shrinks the size of 
the γ and µ phases, with each becoming approximately micron-sized. 
Submicron pores are prevalent throughout these micron size phases. 
The oxidized state (Fig. 3d) closely resembled the reduced state, with 

individual Fe3O4 and FeWO4 particles observed on the lamellar surface. 
After 50 cycles, the microstructure has not changed, with similar pore 
and particle size in the reduced (Fig. 3e) and oxidized (Fig. 3f) states. 
Throughout cycling, the metallic Ni(Fe) phase which does not oxidize 
remains well-distributed throughout the microstructure. 

In conclusion, Fe-20Ni-20 W lamellar foams are resistant against 
degradation upon long-term redox cycling, with no sintering or 
elemental segregation observed after 50 cycles. The lamellae, which are 
not fully dense initially, grow progressively more porous with cycling 
due to the CVT mechanism, and the size of each phase decreases from 
~5 µm in the as-fabricated state to micron or submicron after 20 cycles, 
with no significant change observed between 20 and 50 cycles. The 
metallic Ni phase does not provide a strong accelerating effect on the 
reduction process, making its addition unnecessary in view of similar 
microstructural results obtained for binary Fe-25 W lamellar foams 
fabricated via the same freeze-casting process. The lack of improvement 
in reduction kinetics can be explained by (i) the CVT reduction mech
anism of FeWO4, which does not benefit from the presence of Ni, and (ii) 
the formation of more stable quaternary (Fe,Ni)WO4 oxides due to the 
presence of Ni, which are slower to reduce than ternary FeWO4. Thus, 
while Fe3O4 reduces rapidly, the overall rate of reduction of the entire 
phase system does not benefit from the presence of Ni, due to the for
mation of this more stable oxide phase. 
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