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Proton-containing ceramics have been investigated for the first
time as the supporting phase for the energy storage medium in
intermediate-temperature (IT) solid-oxide metal-air redox battery.
The strong interaction between H,0 and oxygen vacancies creates
ample protons on the surface of the proton-containing perovskites
significantly enhanced the reversibility and cycle performance.

Solid oxide metal-air redox battery (SOMARB) represents a
newly emerged class of all solid-state batteries™ 2. Operated
on reversible high-temperature oxide-ion chemistry, SOMARB
discharges electricity by oxidizing metal into metal-oxide and
stores electricity by reducing metal-oxide into metal. During
the conversion, the reversible solid oxide fuel cell (RSOFC) is
utilized as an electrical discharger/charger via solid oxide fuel
cell (SOFC) and solid oxide electrolysis cell (SOEC) modes,
respectively, while a metal/oxide chemical bed located in the
anode chamber serves as the energy storage medium (ESM).
To facilitate the oxygen transfer and avoid direct physical
contact between RSOFC-anode and ESM, an oxygen shuttle gas
of H,-H,0 mixture is present in the gap between RSOFC and
ESM to mediate the oxygen transfer. At a given temperature,
the ratio of partial pressures of H, and H,O is fixed by the
thermodynamic equilibrium with Me/MeO,. In other words,
the Nernst potential of SOMARB is an invariant during
charge/discharge process. The energy capacity is exclusively
determined by the mass of Fe in the ESM with the status of
charge being represented by the mass ratio between Me and
MeO,, while the power is solely dependent of RSOFC’s
electrode surface area.

A key component to the performance of SOMARB is ESM. A
functional ESM consists of an active metal and active-metal-
coarsening-mitigating oxide phase. From our early studies, it
has been shown that Fe is the best ESM material technically as
well as economically among all the transition metal-based
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systems, and ZrO, is the best Fe-sintering-inhibiting oxide
component in terms of chemical inertness. As the operating
temperature of SOMARB is being pushed toward intermediate
range (500-600 °C) to reduce cost and improve reliability, the
sluggish kinetics of FeO, reduction by H, has become a major
developmental challenge &1 To promote the intermediate-
temperature FeO, reduction kinetics, use of nanostructured Fe
particles has been proven effective; however, Fe nanoparticles
suffer rapid coarsening, resulting in performance degradation.
On the other hand, Pd has also been demonstrated an active
catalyst for enhancing FeO,-reduction kinetics because of its
unique H-permeation ability. However, the expensive Pd could
potentially limit its practical applications.

In the present work, we investigate the effect of proton-
containing ceramics as the Fe-supporting oxide (SO) on the
performance of SOMARB. There are in general two groups of
inorganic materials for proton conductors, one for
intermediate temperature fuel cells (ITFCs) working at 150-400
°C, e.g. NH4P0314'16, and the other one for proton-conducting
SOFCs working at 500-600 °C, e.g. BaCeO; and BaZrO; based
materials'’ ™. The proton-containing (upon exposure to H,0)
ceramics under study are perovskites BaZrysY,0,49 (BZY20)
and BaCeq 7Zrp1Y01Ybo.103.5 (BCZYYb). The steam concentration
in the oxygen shuttle gas (H,-H,0), e.g. ~20% at 600 °C, is
expected to create significantly high concentration of protons
on the surface of perovskites through the H,0-V; (oxygen
vacancy) interaction. The focus of the study is to study the
battery performance using BZY20 and BCZYYb in ESM and
compare them with the baseline ZrO,. The underlying
mechanisms of proton-mediated energy storage enhancement
are also proposed.

The phase purity of the as-synthesized SO, Fe,03-impregnated
SO and reduced Fe,03/SO are confirmed by XRD patterns
shown in Fig S1 of the Supporting Information (SI). After being
coated with Fe(NO3); and heat-treated at 600 °C, Fig. S1 shows
that Fe,0; is the secondary phase to the original SO phase.
However, the intensity and shape of each peak of the original
SO phase become weaker and broader, implying that the SO
are coated by a thin Fe,0; layer, which can also be seen in the
SEM image of as-synthesized SO and Fe,03-coated SO in Fig. S2.
The surface
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Fig. 1. Battery voltage profiles vs time. (a) Baseline ZrO, as SO
and (b) proton-containing BZY20 and BCZYYb as SO.

of the original SO phase is coated with nanosized Fe,0;
particles, after reduction of which at 600 °C under a flowing H,
atmosphere at 150 mL min™ for 2 h, Fig. S1 confirms that Fe,03
has been reduced into Fe. Figure S3 shows that the reduction
of Fe,0; creates porosity in the Fe-bed (the volume shrinkage
from Fe,0; to Fe is 53.5%), which will benefit H,/H,0 diffusion
through the ESM bed.

To test the performance of SOMARB with different ESM
materials, a 0.157 g of the Fe,05-coated SO powders (with a
total of Fe loading of 55 mg) were precisely weighted and
placed in the fuel chamber®. Detailed description of cell
assembly and testing can be found in our previous studys.
Figure 1 compares the battery performance with different
ESMs cycled at a constant current density of C/5 (1C = 1,272.7
mA g” Fe, which is equivalent to 55.1 mA cm™ based on 1.27
cm? of active area of the cell) and a Fe utilization (Ug.) of 5%
(reference: at 1C and 100% Uk, it takes 1 h to oxidize all the Fe
into FeO,) at 550 °C. Figure 1a indicates that the battery
performance with ZrO, as the SO phase is virtually non-
rechargeable under the working condition. However, with
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Fig. 2. Battery voltage profiles vs time with different SO-based
ESMs, (a) ZrO,; (b) BZY20; (c) BCZYYb; (e), (f), (g) corresponding
specific energy and RTE vs U, of (a), (b), and (c), respectively.
Fig. 3. Cycling performance of an IT-SOMARB with a BCZYYb
proton-containing SO ESM, cycled at C/4 with Ug, =25%. (a)
Battery voltage profiles vs time; (b) voltage profiles of selected
cycles vs time; (c) discharge and charge specific energy and
RTE vs cycle number

and BCZYYb, as the SO phase, the battery voltage is stable
within 50 cycles tested under the same rate and Ug,.

In addition, the three batteries were further tested under
higher Ug, ranging from 5% to 100%, at C/5; the
corresponding charging-discharging durations were 15 min and
5 h for 5% and 100% of U, respectively. The voltage profiles
vs time for the three ESMs are shown in Fig. 2 (a)-(c), where
the cut-off voltages were set to 0.6 and 2.0 V for the discharge
and charge cycle, respectively. For the ZrO,-SO ESM, Fig. 2 (d)
shows that the battery can only be cycled at C/5 with a
maximum Ug.=50%, but with considerable voltage fluctuations
during the charging cycle. At U, > 60%, the discharging voltage
experiences a sharp decrease toward the end of the cycle. The
round-trip efficiency (RTE) at 5% Ug reaches 71% and

gradually drops to 66% and 47% at Ug.=50%
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For the BZY20-SO ESM, Fig. 2(e) shows that
the highest Ui, the battery can cycle at the
same C/5 has been increased to 80%, below
which the cycling voltage profiles remain
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flat. This clearly suggests that BZY20-SO ESM
ito has a better reversibility than the ZrO,-SO
At counterpart. The RTE at 5% Ug. is 72%, and
g remains 70%, 67% and 59% at U..=80, 90
and 100%, respectively. For a higher proton-
conductivity (or concentration) perovskite
BCZYYb %%, Fig. 2 (f) shows that the
battery’s reversibility has been further
improved; the battery can be cycled at a
utilization up to 100% without voltage collapse. The RTE
reaches 78% at 5% Ug, and remains 73% for U,=100%.
Clearly, BCZYYb-based Fe-ESM gives the best performance
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among the three SO materials, implying the importance of The simultaneous oxygen and proton pathways for Fe-redox

proton concentration in the SO materials.
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Fig. 4 A schematic illustrating the proton-mediated Fe redox
reaction during a charge/discharge cycle.

To demonstrate the long-term stability, the battery with
BCZYYb-SO ESM was further cycled at a higher current density,
C/4 (J=318.2 mA g'1 Fe), with a higher Ug, = 25%, for over 200
cycles (total run time over 400 h). The results shown in Fig. 3a
& b indicate that the average discharge voltage decreases
slowly with time, roughly 8% after 214 cycles, but the average
charge voltage increases faster with time (16% after 428 h).
The discharge specific energy shown in Fig. 3c decreases from
282 to 264 Wh kg'l-Fe, while the charge specific energy
increases from 448 to 528 Wh kg'l-Fe, resulting in an RTE
decrease from 63% to 50% after over 200 cycles.

It is to be noted that the observed performance differences in
Figs. 1-3 are dominantly related to the ESM since Fig. S4 in the
Sl explicitly shows that there is virtually no difference in RSOFC
performance for the three batteries tested.

To understand the beneficial effect of proton-containing SO on
the reversibility of the battery, we hypothesize in Fig. 4 a
parallel pathway that mediates the oxidation of Fe and
reduction of FeO, through active proton-species in the proton-
containing SO during a discharge cycle:

2x0H{ + Fe = FeOy, + xHy + xV5" + x05 (1)

where the OH|, represents the active proton-species produced
by the interaction between H,0 and oxygen vacancies V" via
23-25,

H,0 + V5" + 0% — 20H} (2)

The hypothesis is that the produced, fast moving, active OH;,
is transported through BCZYYb (or BZY20) bulk to its interface
with Fe, where it is then reduced by Fe to H,. The overall
reaction is the same as described in reaction (3), which implies
the proton-containing ceramic provides additional pathway to
produce H, (during a discharge cycle). A reverse process is
expected for the charge cycle.

In parallel, the conventional reaction of Fe with H,0O to form
FeO, (Fe;0, at 550 °C) and release H, can take place at the
surface of the Fe particles during the discharge cycle.

Fe+x H,0 —» FeO, + x H, (3)

This journal is © The Royal Society of Chemistry 20xx

reaction are the fundamental reasons for the enhanced

—Fe,0,/Zr0, 582 g3
—— Fe,0,/BZY20

——Fe,0,/BCZYYb
pure BCZYYb

TCD signal (a.u.)

T T T T T T T
100 200 300 400 500 600 700 800 900
T(C)

kinetics and reversibility of the battery.

Fig. 5 TPR profiles of different Fe,03-SO materials with a
heating rate of 10 °C min™ under 5%H,-N, carrying gas.

To confirm proton catalysing mechanism, temperature
programmed reduction (TPR) was carried out on the Fe,03
coated SO materials; the results are shown in Fig. 5. The first
minor peak is related to the reduction of Fe,03; to Fe;0, 3,
whereas the second primary peak is associated with the
reduction of Fe3;O, to Fe. A comparison of the peak
temperatures for all the three ESM materials suggest that
Fe,03/BCZYYb has the fastest kinetics toward H,-reudction as
it exhibits the lowest peak temperature. From TPR profiles
collected at different ramping rates, Fig. S5a-c shows linear
plots of In(¢@/T2ax) Vs 1/Tmax, from whose slope the
activation energy E, of the reduction process is calculated out
%% and shown in Fig. S5d. Again, Fe,05/BCZYYb and
Fe,03/BZY20 exhibit lower E, than Fe,03/ZrO,, further
suggesting that protons in BCZYYb and BZY20 facilitate the
Fe,05-reduction kinetics. This is also indirectly supported by
the three similar peaks on the TPR profile of a pure BCZYYb,
which are related to the lattice oxygen release, forming oxygen
vacancies®’; the latter will further promote the formation of
OHj, in the presence of water vapour.

Conclusions

In summary, two proton-containing ceramics, namely BZY20
and BCZYYb, have been successfully demonstrated as better
SOs than ZrO,-based materials in ESM for SOMARB. The
presence of proton in BZY20 and BCZYYb significantly enhances
the kinetics of redox reactions in ESM, thus the reversibility of
SOMARB. The results show that BCZYYb with the highest
proton conductivity can achieve an RTE of 73% (at C/5) even at
100% Fe-utilization. The long-term cycle stability testing
further shows that the battery with BCZYYb as SO can cycle at
C/4 and Ug=25% for more than 200 cycles, achieving a
discharge specific energy of 282 - 264 Wh kg’l-Fe and an RTE of
50-63%.
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