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Abstract

Fe/FeO, redox couples have been widely used as an oxygen carrier for redox devices such as
chemical looping reactors and solid oxide iron-air battery (SOIAB) because of their low cost and
high oxygen capacity. However, a critical challenge is the sluggish reduction kinetics of FeOy in
the intermediate temperature range, significantly limiting the devices’ achievable efficiency and
service life. Here, we report on a combined theoretical and experimental study on the catalytic
effect of noble metals (Ir, Ru, Rh, Pd and Pt) on the H,-reduction kinetics of FeO,. We first use
density functional theory (DFT) to calculate the electron projected density of states (PDOS) near
Fermi level (Ef) of several noble metal (Ir, Pd, Ru, Rh, Pd)/Fe;O4 systems. We reveal that Ir offers
the highest PDOS near Er among all noble metals studied, which provides abundant electrons for
efficient cleavage of O-Fe bonds and low-energy dissociation of H, molecules, thus resulting in
significantly boosted reduction kinetics of Fe;O,. Experimentally, the results of temperature

programmed reduction and SOIAB performance testing corroborate the theoretical predictions.

Keywords: Iron oxide reduction; catalysis; noble metals; oxygen activation; hydrogen

dissociation.
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I. Introduction

Development of Long Duration Energy Storage (LDES) technology is significant to fully utilize
renewable energy and reduce our dependence on fossil fuels.!- It is also crucial for the stability
and reliability of our future smart energy grid systems. Various types of rechargeable batteries that
are currently in use or under development for LDES applications include lithium-ion batteries
(LIBs), redox flow batteries (RFBs) and metal-air batteries, et.al.> However, traditional LIBs are
limited in extending storage durations beyond 10 hours due to the high scaling-up cost, not to
mention the safety concern over clustered Li-ion battery systems. RFBs are scalable and safer
compared to LIBs, but low in energy density and energy efficiency. Conventional alkaline Fe-air
batteries have recently been demonstrated at a commercial scale, but challenges such as high

cathodic overpotential, hydrogen evolution and anode passivation remain to be addressed.

Recently, a new type of ceramic solid oxide iron-air batteries (SOIABs) has been shown with
competitive performance for LDES.!%-16 This new type of all solid-state battery is operated on
oxide-ion chemistry, in which the chemical energy of oxygen in the form of O* is reversibly stored
in an energy dense Fe/FeO, redox couple integrated within the anode chamber of a reversible solid
oxide cell (RSOC). The electrochemical reactions occur at the RSOC, while the chemical redox
reaction between Fe, H,O, H, and FeOy is at the Fe/FeO, bed. In the discharge mode, H, is
consumed at the RSOC (in solid oxide fuel cell mode, SOFC) to generate electricity and H,O. The
generated H,O is immediately reacted with Fe to produce more H; to sustain the SOFC power
generation. In the charge mode, H,O is split into H, at the RSOC (in solid oxide electrolysis cell
mode, SOEC); the latter then reduces FeO, to metallic Fe and produces H,O to sustain the SOEC
operation. Therefore, the direction of the global reaction is driven by the flow of electrical current

during cycles. An ideal Fe-based energy storage redox couple for SOIABs must have good activity
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for the desirable redox reaction at elevated temperature in H,/H,O environment and exhibit
durability over repeated cycles. Based on the previous modeling and experimental data, FeOy such
as Fe;0y4 suffers sluggish H,-reduction kinetics at SOIAB operation temperature (500°C-600°C),!”

resulting in low round trip efficiency and low energy density, especially at higher current densities.

One strategy to improve H,-reduction kinetics and battery performance is to catalyze the slow
kinetics by noble metal (NM) particles. Previous reports have shown that iridium (Ir) is a good
catalyst for iron reduction process.!3-'* However, there is a lack of fundamental understandings for
the enhanced kinetics mechanisms. In this work, we aim to bridge this scientific gap by employing
density functional theory (DFT) to theoretically investigate the O activation and H, dissociation
processes on the surface of NMs (NM= Ir, Ru, Rh, Pd and Pt)/Fe;O4 complexes. We specifically
calculate the electron project density of states (PDOS) near Femi level (Ef) of different noble
metals on the surface of Fe;0,4 to unveil the underlying reasons for the boosted reduction kinetics.
We then use temperature programed reduction (TPR) and SOIAB battery testing to verify the

theoretical predictions.

I1. Results and Discussion
2.1 Geometric and electronic structures of M-Fe;0, (M= Ir, Ru, Rh, Pd and Pt)

To understand fundamentally the catalytic mechanisms of NMs on the reduction kinetics of FeOy,
identifying the relation between the NM’s electronic structure and catalytic activity is a key. For
H,-reduction of FeO,, it is reasonable to assume that H, will be first absorbed on the FeO, surface
and then dissociated over coordinately unsaturated transition sites of the FeOy surface. Therefore,
the presence of electron-rich NMs in the neighborhood will play an important role in the reduction

process. According to previous reports and Baur-Glaessner’s equilibrium diagram of the Fe-O-H
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system,!® under SOIAB operating conditions, Fe;Oy is the major oxide phase involved in the redox
cycling. Furthermore, previous reports indicate that the (111) surface of Fe;0, is the most stable.!”
Therefore, the (111) surface was built for all DFT calculations to study O activation and H,

dissociation.

The optimized lowest energy (111) surface structures of Fe;O4 before and after NM introduction,
along with the PDOS are shown in Figure 1. The potential binding sites of NM on the substrate
have been investigated, and the optimized structures, along with their relative energies, are shown
in Figure S1, Supporting Information. For pristine Fe;O4 (111), Figure 1a (left) illustrates that the
optimized Fe;O,4 (111) structure contains one Fe atom bonding with three O atoms and one O atom
bonding with three Fe atoms, while the PDOS plot (right) indicates that the electronic states near
Er are mainly contributed from Fe atom with low PDOS near Eg. After introducing Ir to the surface
of Fe;Oy4 (111), Figure 1b reveals that one O in Fe;O4 (111) surface is activated, that is, two of the
Fe-O bonds are broken, with an O atom protruding from the surface, concurrently forming one Ir-
O bond. In addition, the calculated PDOS of the broken O, see Figure S2, depicts a new state
appeared near Ep, further confirming the activation of O atom. The broken dangling O is
catalytically active to form an OH group with the spillover H during the reduction process.
Furthermore, the PDOS plot in Figure 1b shows a significant change compared to that of pure
Fe;04 (111), i.e., the introduction of Ir gives rise to occupied states of Ir near Er in both spin up
and spin down states, making electrons readily available for the subsequent H, dissociation to

reduce Fe;O4 (111).

However, it is not the case for Ru/Fe;O4 (111). After introducing Ru, Figure 1c indicates that there
is almost no occupied electronic state near the Eg. In other words, nearly all electrons in Ru are

used for activating two O atoms in Fe3O4 (111) surface, see Figure S2, leaving insufficient
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electrons for H, dissociation. Similarly for Rh and Pt, Figure 1d and 1e indicate that one O atom
in Fe;O4 (111) is activated, but less electronic states occupied near Ep are present, leaving
insufficient electrons for H, molecule dissociation. As for the Pd/Fe;O,4 (111), Figure 1f shows no
activated O atom on the surface, so it may not be catalytically active at all. Therefore, Ir/Fe;Oy4 is
expected to exhibit the best catalytic activity toward Fe;O,4 reduction by H, among the all of NM
catalysts studied because it provides enough electrons not only for activating O atom (by breaking

Fe-O bonds) on the Fe;O4 (111) surface, but also for the subsequent H, dissociation.

Energy (eV) Energy (eV)

Figure 1. Optimized surface structure and corresponded projected density of states of (a) pristine
Fe;04, (b) Ir/Fe;04, (¢) Ru/Fes0y, (d) Rh/Fes0y, (e) Pt/Fe;Oy, (f) Pd/FesO4. The Fermi level is set

to be zero with a dashed line as a guide.

Given that d-band center can be used to predict the catalytic activity of NMs, we also calculated
the d-band center of different NMs on Fe;0,4 (111) and the corresponding charge transfer (AQ)

during oxygen activation; the data are shown in Table S1. Next to Pd, Ir exhibits the highest d-
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band center (-3.49 eV), closer to the lowest unoccupied molecular orbital (LUMO) of free H,, see
Table S2. This finding suggests a lower energy barrier for electron transfer from Ir to H, and higher
catalytic activity toward H, dissociation. Even though Pd has a higher d-band center than Ir, it
cannot activate the O atom as shown in Figure 1f. Therefore, it is reasonable to conclude that the
high catalytic activity of Ir toward Fe;O,4 (111) reduction is derived from the combined effect of
effective O activation and subsequent H, dissociation, all of which is enabled by the rich PDOS of

Ir near Er.

To further analyze the electronic structure of Ir/Fe;O4 under H, environment, an optimized
structure of one H, molecule on the Ir/Fe;0,4 (111) surface has been obtained, see Figure 2a; the
corresponding PDOS for Ir, activated O and H, is shown in Figure 2b. The abundant electronic
states appear near Er because of the extra electrons released by Ir, leading to high activation for
H, dissociation after H, adsorption (with an adsorption energy of 0.04 eV). In contrast, only a few
electronic states of Ru can be found near Er on the Ru/Fe;04 (111) surface, see Figure 2¢ and 2d.
Table S1 indicates that Ru has the highest AQ value with two activated O atoms; however, no more
electrons are available to dissociate H, molecules. Therefore, lower catalytic activity for H,
dissociation is expected for Ru. Other noble metals (Rh and Pt) only show one O activation and
low occupied electron state near Eg, implying even worse catalytic activity than Ir and Ru.

Therefore, we will focus on Ir/ Fe;04 and Ru/Fe;04 systems in the following discussion.
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Figure 2. (a) Optimized structure of Ir/Fe;04 under H, environment; (b) the corresponding PDOS
of Ir (bright green), activated O (red) and H, (green); (c) Optimized structure of Ru/Fe;O,4 under

H, environment; (d) the corresponding PDOS of Ru (fluorescent blue), activated O (red) and H,

(green).

2.2 Dynamics of H, dissociation on M-Fe;0, (111) (M=Ir and Ru) surface

To further elucidate the interactions between H, and Fe;O4 (111) after introducing NMs, we also
simulated H, adsorption, dissociation, and migration steps on the NM-decorated Fe;O4 (111)
surface. Figure 3a shows the energy profile and the H-H bond length as function of the distance of
H, molecule from the surface (defined as the distance between H atom and Ir atom, H-Ir distance)
along with the optimized structures at different stages. When H; is close to the surface, the
following steps take place: 1) physical adsorption of H, on surface of an Ir atom; 2) dissociation

into two chemisorbed H atoms, where the H-H bond length increases sharply and then breaks; 3)
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H atom migration along the surface of Ir-Fe;O4 (111), where one of H atoms migrates from the Ir
atom to the adjacent activated O atom. It is interesting to note from Figure 3a that when H,
approaches the surface of Ir/Fe;O4 (111), the energy increases and so does the H-H length,
suggesting that the H-H bond is elongated. When the H-Ir distance reaches 1.6 A, the H-H bond
starts breaking, and new bonds between H and O are formed with an energy barrier of 0.71 eV;
the latter is much lower than 1.24 eV in the case of Ru/Fe;O4 (111) surface, see Figure 3b,
suggesting Ir can promote the H, dissociation more effectively than Ru. The Ir’s high electronic
density still available after O activation is the fundamental reason for the high activity toward H,

dissociation.

Furthermore, it is worth noting that the energy at a H-Ir distance of 1.6 A (final state of the reaction)
is lower than that of H, in the gas phase (initial state of the reaction). Conversely, for the Ru/Fe;O4
(111) surface, the energy of the reaction’s final state is higher than that of its initial state. This
indicates that the dissociation of H, is exothermic on the Ir/Fe;O4 (111) surface, whereas it is
endothermic on the Ru/Fe;O4 (111) surface. The disparity in energy primarily arises from the
differing interactions between hydrogen and either Ir or Ru. On the Ir/Fe;O4 (111) surface, the
energy barrier for the reverse reaction is higher than that for the forward reaction, resulting in a
very stable state once the H, molecule dissociates. In contrast, on the Ru/Fe;O4 (111) surface, the
energy barrier for the reverse reaction is lower than that for the forward reaction, suggesting that
the dissociation state is relatively less stable. These observations further substantiate that Ir doping

outperforms Ru doping in terms of catalytic performance towards H, dissociation.
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Figure 3. Simulations of H, migration during dissociation: the changes of total energy and H-H
bond length when H, moves from far enough distance to the surface on (a) Ir/Fe;O,4 surface and

(b) Ru/Fe;04 surface. The corresponding optimized structures for the most favorable path for

dissociation of H, are also shown in the insets.

2.3 Phase composition and morphologies of Fe-based energy materials

To verify the theoretical predictions, we prepared the baseline and NM-added Fe,O3/ZrO, samples.
Note that Fe,O3 will be reduced Fe;O,4 under the SOIAB operating conditions. The phase purity
of as-prepared different noble metals added Fe,O3/ZrO; is confirmed by XRD patterns shown in

Figure 4a. Here, ZrO, acts as an inert oxide support to suppress the agglomeration of Fe particles
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during reduction and oxidation, which has been reported in our previous reports.'® 20 After mixing
with NM oxides, the peaks shift slight to the right because of the strains produced in iron oxide
lattice after incorporation of NMs due to the difference in atomic sizes between the two. In this
case, compressive strains are created, causing a decrease in the lattice parameters and XRD peaks
shifting to higher angles. Only IrO, and RuO, peaks appear, and no other extra peaks were found,
confirming that there is no reaction between NM oxides and Fe,0;/ZrO,. However, there is no

obvious Rh, Pt and Pd-species related peaks observed, which could be due to their low crystallinity.

o

Intensity (a.u.)

20 30 40 50
2theta (degree)

Map Data 1

| T —|
500nm

Figure 4. (a) XRD patterns of the as-prepared noble metal added Fe,O5/ZrO,. (b) SEM image of
Ir-Fe,053/Zr0, as an example; (¢) TEM images of Ir-Fe,03/ZrO, as an example; (d) element

mapping of Ir-Fe,03/ZrO, as an example.

Figure S3 shows the morphology of the pristine Fe,03/ZrO, active material, whereas Figure 4b
shows the morphology of as-prepared IrO,-added Fe,O3/ZrO,. Compared to the pristine
Fe,03/Zr0,, it seems that IrO,-Fe,05/ZrO, exhibits more separation of particles than segregation,

see Figure S4. Figure 4c of high-resolution TEM imaging further reveals abundant IrO,

Page 10 of 24



Page 11 of 24

Journal of Materials Chemistry A

nanoparticles (~3nm) distributed uniformly on the Fe,03/ZrO, surface. After 100-cycle in SOIAB
at 550°C (the performance to be shown later), Ir (thermally decomposed from IrO,)-Fe,O5/ZrO,
only exhibits a slight coarsening, see Figure S5. In addition, the elemental mapping shown in

Figure 4d suggests all elements are distributed uniformly.
2.4 Temperature Programed Reduction

Temperature Programed Reduction (TPR) was conducted on different NM-added FeO, samples to
verify the theoretical predictions, and the results are shown in Figure 5. The first peak at 100-
150°C can be assigned to the reduction of NM oxides to metal under H, environment. The second
peak at around 200-325°C comes from the first stage of reduction: Fe,O;—Fe;0,4, while the
combined peak at 400-700°C is related to Fe;0,—~>FeO—Fe. After inducing NMs, the peak shape
at 400-700°C changes and moves leftwards, suggesting an improved reduction kinetics. Small
changes in peak shape for different NM catalysts are observed, implying the same reduction
mechanisms are followed. Compared to other NMs, Ir (red line) shifts to the left to the most degree,
especially for the peak at 400-700°C, meaning the best catalytic activity. It is worth noting that at
158 °C, there is a small peak in Ir-Fe,03/ZrO,, which can be attributed to the early reduction due

to the improved reduction kinetics.
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Figure 5. TPR profiles of as-prepared NM/Fe,O3 samples in the range of 100-700°C with a

ramping rate of 10 °C/min.

2.5 Battery Performance Evaluation

To further demonstrate the improved SOIAB performance with NM-added Fe-bed, batteries with

the Ir-Fe,05/ZrO, and Ru-Fe,03/ZrO, energy storage material were assembled and tested at 550 °C.

Detailed testing procedure can be found in the experimental section as well as our early works.!3
Note the active redox couple becomes Fe/Fe;O, under SOIAB operation condition. The
electrochemical performance of the solid oxide cell in SOIAB is shown in Figure S6 and the
voltage profiles vs. time and corresponding Round Trip Efficiency (RTE) at a fixed iron utilization
(Upe=10%) but at different current density (0.1C to 1.5C) are shown in Figure 6a and 6b. These
results show that the SOIAB with the Ir-Fe,O3/ZrO; can achieve 1.5C (75 mA/cm?) at RTE = 62%,
compared to RTE= 50% at 0.6C (30 mA/cm?) for the Ru-Fe,03/Zr0O,; the latter also shows an

obvious degradation. The specific energy density comparison shown in Figure S7 indicates that
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increasing C-rate leads to a decrease in discharge energy density and increase in charge energy
density as expected. However, both have a better rate performance than the baseline. Since Ir-
Fe,03/Zr0O; batteries perform better than Ru-Fe,O3/ZrO,, it was further cycled for another 100 h
with Ug=5% at 10 mA/cm?, see Figure 6¢c; no significant degradation is observed. The
corresponding discharge specific energy density and RTE shown in Figure 6d are 63 Wh kg~! and
90%, respectively. To achieve higher energy delivery, the battery was further cycled at higher
Ur=50% and higher current density of 0.4C (20 mA/cm?), see Figure S8. After 80 hours stable
operation (or 32 cycles of 2.5 hour per cycle), the IrO,-battery exhibits a discharge energy density

of 597 W h kg !-Fe at a round-trip efficiency of 80%.

d b 100
2.09 550°C, Up,=10% 0.6C e RS
——Fe-Zr 90+
181 —rezrRu
— —Fe-Zr-Ir
T 4] _. 807
v oc X
& 1.4 1.5C w704
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= 1 X Ur.=10%,550 °C
10| —@—Fe-Zr
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e B e S 40 T . : -
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Figure 6. Electrochemical performance of SOIAB at 550°C: (a) voltage profiles versus time under

different current densities (C-rate) with a fixed Ug. = 10%; (b) Round Trip Efficiency (RTE) versus
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C-rate; (c) voltage profiles versus time at a fixed j = 10 mA cm™ (0.2 C) and Ug:=5%; (d) the

corresponding discharge specific energy density and RTE.
II1. Conclusion

In summary, we have investigated noble metals (Ir, Ru, Rh, Pd and Pt) catalytic activity for Fe;O4
reduction using DFT calculations and experimental testing. We find that the electron PDOS near
Femi level of NM plays a decisive role in the resultant catalytic activity toward Fe;O,4 (111)
reduction. Ir offers the highest PDOS among all NM catalysts studied, efficiently providing more
electrons to participate in the O activation and H, dissociation processes for enhanced reduction
kinetics. Both TPR and SOIAB results verify the theoretical predictions, i.e., for Ir-added Fe-bed
material, the former indicates the earliest onset reduction temperature, while the latter shows the
best electrochemical performance. The SOIAB with Ir catalyst exhibits the best performance with
a discharge energy density of 597 W h kg-!-Fe at RTE= 80 % at Ur:=50% and 20 mA/cm? (0.4C)

current density.

Methods and Computation Details

First-principles calculations. All of density functional theory (DFT) calculations were carried out
by using the Vienna ab initio simulation package (VASP). The projector augmented wave (PAW)
approach 222 was used to describe the ion-electron interaction, and the general gradient
approximation (GGA) expressed by the Perdew, Burke and Ernzerhof (PBE) functional was used
to treat the electronic exchange-correlation interaction.”*> A 12-layer Fe;O,4 (111) surface with
tetrahedral Fe termination was built, in which the bottom 9 layers were fixed to represent the bulk,

while the top 3 layers atoms were fully relaxed. The model structures were fully optimized using
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the convergence criterion of 0.01 eV/A for the final force and 107 eV for the total electronic
energy on Fe;O,4 bulk and (111) surface relaxation and the plane wave cutoff was set to 500 eV,
while for H, molecule adsorption optimizations, the convergence criterion of 0.05 eV/A was used.
The Monkhorst-Pack scheme k-points sampling was performed for integration in the first Brillouin
zone, and the separation of the k-point mesh was ~0.03 A=1.24 To avoid any interlayer interactions
between periodic images, the vacuum region in the ¢ directions was adopted large than 24 A. The
spin-polarized computation was performed. To better model the interactions between the adsorbed
H, molecule and the surface, van der Waals (vdW) correction was also included in the calculations,
where the DFT-D3 correction method was used in this work. 2> Considering the strong d-electron
correlation effects, the rotationally invariant density functional theory (DFT+U) approach was
performed with U.y =3.8 eV for Fe and Ug s =2.0 eV for NMs.?627 The valence electron
configurations of metals and O used in the current calculations are listed in Table S3. The selection
of these valence electron configurations is a common practice for noble metal DFT modeling. 2%
32 The tetrahedron method with Blochl corrections (ISMEAR =-5) was employed to calculate the
projected electronic density of states (PDOS), and the VASPKIT Standard Edition 1.4.1 for data

processing. 33

Fe-based energy storage material. The baseline Fe-bed (the energy storage material) is a mixture
of Fe,0O; and ZrO, instead of Fe,Os, here the ZrO, acts as inert oxide support, which was
synthesized by a co-precipitation method as reported previously.!® Then, the different transition
metal (Ir, Ru, Rh, Pd and Pt) based Fe,O5/ZrO, were prepared by a facile impregnation method.
Briefly, the as-prepared Fe,03/ZrO, was first ball milled using a planetary ball mill (BM4X-04,
COL-INT TECH) in a zirconium container for 24 h with a milling speed of 300 rpm. Then,

stoichiometric transition metal precursor (Iridium III 2,4-pentanedionate (C;5H;;1rOg), Ruthenium
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acetylacetonate ((CsH;0;);Ru), DiRhodium tetraacetate (CgH;,OgRh,), Palladium (II) nitrate
dihydrate (Pd(NOs), - 2H,0), Platinum (II) acetylacetonate (C,oH;404Pt), Sigma-Aldrich)
dissolved in 2 mL acetone (99.5%, Sigma-Aldrich) was added into 1 g of milled Fe,03/ZrO,
powders in an agata mortar followed by grinding. Finally, the impregnated powders were calcined

at 600°C for 2h. The total noble metal oxides loading in the as-prepared materials is around 4 wt.%

of Fe;O3/ZrO, mass.

Solid oxide cell materials. SOIAB is made from an anode-supported solid oxide cell. The anode
support is a composite of NiO and scandia doped ZrO, (ScSZ). It was prepared by dry pressing
followed by dip coating. Briefly, nickel oxide (NiO), scandia stabilized zirconia (ScSZ) and carbon
powders with a weight ratio of 6:4:3 were ball-milled for 4 hours in ethanol with ZrO, balls. Then
the slurry was dried overnight in a dry oven at 80 °C. The dried powders were then fully mixed
with 5 wt.% PVB in acetone with an agate mortar, followed by pressing into pellets of ¢$1.0” and
pre-sintering at 900 °C for 2h. The functional layer was deposited by dipping the pellet into a slurry
containing NiO:ScSZ=6:4 (wt.%) mixture with a 10 wt.% carbon for 15 s. Then, the pellet was
pulled out of the suspension and dried in an oven for 10 min. The pellet was subsequently sintered
at 800 °C for 2h, after which a thin layer of ScSZ electrolyte was deposited on top of the functional
layer by the same dip-coating method. The tri-layers pellets were finally co-sintered at 1350 °C for
Sh. The final product was ground down to ~400 pum thickness. The thicknesses of the ScSZ

electrolyte and functional layer are ~10 um with ¢$0.8”.

Then the oxygen electrode (OE) was screen printed on top of the ScSZ electrolyte surface. The
OE is a composite of Laj gSro,MnO3 (LSM) and (Big.75Y0.25)0.93Ce€0.0701.5 (BYC). It was prepared
by combustion method using nitrates as the metal precursors as previously reported. '3 Briefly, for

LSM preparation, stoichiometric amounts of La(NO3);-6H,0O (Sigma-Aldrich), Sr(NO;), (Sigma-
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Aldrich) and Mn(NOs),-4H,0 (Sigma-Aldrich) were dissolved into 500 mL 0.2 M citric acid (CA,
Sigma-Aldrich) solution. Then 10 mL nitric acid (70%, Sigma-Aldrich) solution was added into
the mixture solution under stirring. Finally, the transparent solution was heated in an oven at 240
°C until auto-combustion. The obtained powders were then broken up and calcinated at 900 °C for
5h. The BYC powders were prepared by a similar process with Bi(NO;);-5H,0 (Sigma-Aldrich),
Y(NO3);-6H,0 (Sigma-Aldrich), and Ce(NO;)3-6H,0 (Sigma-Aldrich) as the metal precursors,
and the calcination temperature is 700 °C. The ink consists of a mixture of LSM, BYC and a V-
006 binder (Columbia International) in a weight ratio of LSM:BYC:V-006 = 40:60:150 (wt.%).
After printing and drying, the cell is calcined at 800 °C for 2h to finish the cell. The effective
surface area of the cathode electrode is 1.4 cm?, and the silver mesh and gold paste were used as

current collectors for both anode and cathode.

SOIAB assembly and testing. For a typical battery assembly, ~0.1 g energy storage materials
containing 56 mg Fe were first spread over a quartz wool and then loaded into the chamber of
battery holder. Then, the solid oxide cell was placed into the grove of the holder with the anode
substrate facing down. A layer of glass slurry consisted of a glass powder (Schott GM31107) and
binder was then applied along the perimeter between the cell and holder. The current collection
wires on the anode-side were carefully routed through an insulating glass ring and the glass layer

to avoid short circuiting.

The electrochemical performance of the battery was tested using a Solartron Multichannel system
(model 1470e) in conjunction with a Solartron 1255 frequency response analyzer. The battery was
first heated in the air from room temperature to 680 °C and held for 30 min to melt the glass and
achieve gas tightness. Then, the temperature was decreased to 550 °C for testing. A 5% H,/N, at

50 cm?/min was first introduced into the battery chamber for 1 hour to purge the residual air, then
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switched to wet H; (3% H,0) to reduce the anode and Fe-based active materials and transition
metal oxide into their metallic states. After 2 hours reduction, the initial V-j curves and EIS of the
RSOC were first measured under OCV in flowing 3% H,0-H,. Then the H; outlet and inlet valves
were closed in sequence and the OCV was monitored until it reached the theoretical potential of
1.067 V (for Fe-Fe;0,4 redox couple at 550 °C). Now the battery is ready for discharge/charge
cycling. The MultiStat software is used for collecting data and performing data analysis. The cutoff

voltages for discharge and charge are set at 0.8 and 2.0 V, respectively.

Materials characterization. The phase compositions of the prepared catalyst supported
Fe,03/ZrO, composites were examined by X-ray diffraction operated at a scan rate of 2° min-!
from 10 to 80° using Rigaku D/MAX-2100. The morphologies of the as prepared and post tested

materials were examined by a field emission scanning electron microscope (FESEM) (HITACHLI,

Regulus 8230) with Energy Dispersive X-Ray Spectroscopy (EDS) for elemental mapping analysis.

A high-resolution transmission electron microscope (HRTEM, HITACHI H-9500). Temperature-
programmed reduction (TPR) experiments were performed with a Micromeritics Chemisorption
Analyzer (model 2720) in 10% H,/Ar to study the reduction kinetics of ESU materials. A ~20 mg
as-prepared material sample was placed in a quartz tube and data were collected at different

ramping rates of 10 °C /min as the temperature was increased from 100 to 900 °C.
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