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Ferrite/zirconia-coated foam device prepared by spin coating
for solar demonstration of thermochemical water-splitting
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A Ferrite/zirconia foam device in which reticulated ceramic foam was coated with zirconia-
supported Fe;0,4 or NiFe,0, as a reactive material was prepared by a spin-coating method. The
spin-coating method can shorten the preparation period and reduce the coating process as
compared to the previous wash-coating method. The foam devices were examined for
hydrogen productivity and cyclic reactivity in thermochemical two-step water-splitting. The
reactivity of these foam devices were studied for the thermal reduction of ferrite on a labo-
ratory scale using a sun simulator to simulate concentrated solar radiation, while the ther-
mally reduced foam devices were reacted with steam in another quartz reactor under
homogeneous heatingin an infrared furnace. The mostreactive foam device, NiFe,04/m-ZrO,/
MPSZ, was tested for successive two-step water-splitting in a windowed single reactor using
solar-simulated Xe-beam irradiation with a power input of 0.4—0.7 kWy,. The production of
hydrogen continued successfully in the 20 cycles that were demonstrated using the NiFe,04/
m-ZrO,/MPSZ foam device. The NiFe,04/m-ZrO,/MPSZ foam device produced hydrogen at
a rate of 1.1—4.6 cm? per gram of device through 20 cycles and reached a maximum ferrite
conversion of 60%.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

construction of a reactor, which makes it difficult to design
a reactor that can perform the thermal dissociation of water.

Thermochemical water-splitting using concentrated solar
energy has attracted interest as a renewable method for
producing hydrogen from water [1-5]. The direct thermal
dissociation of water requires temperatures above 2500 °C to
achieve areasonable degree of dissociation; further, it requires
an effective technique for the separation of H, and O, to avoid
their explosive recombination. In addition, the requisite high
temperatures restrict the materials that can be used in the

Thermochemical water-splitting is divided into several steps
that allow the operation to proceed at relatively moderate
upper temperatures and without the problem of H,/O, sepa-
ration. The most interesting approach involves a two-step
cycle based on metal-oxide redox reactions.

This two-step water-splitting thermochemical cycle using
a redox pair of Fe304/FeO was first proposed by Nakamura [6]
and proceeds as follows:
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Fe;0, —3FeO + 1/20, AH®ygg = 319.5 kJ mol ™ 1)

HZO + 3FeO—>Fe304 +H; AHy9s¢ = —-33.6 k] 1110171 (2)

The first step, the high temperature thermal reduction (T-R)
of Fe30y, is highly endothermic, whereas the second step, the
low-temperature water-decomposition (W-D) by FeO, is
slightly exothermic. Several oxide pairs of multi-valent metals
[7-11] have also been developed and evaluated as redox
materials. Mixed solid solutions of (Fe; xMjy)304/(Fe1_xMx)O
between the redox system of Fe;04/FeO and M3;0,/MO are
expected to decrease the reaction temperatures relative to
those used in the Fe;04/FeO system. The possibility exists of
thermodynamically combining good H, yields in the Fe;04/
FeO system with the low reduction temperature of an M304/
MO (M =Mn, Co, Mg) system [1,7].

One of the problems presented by the (Fe; xMy)304/
(Fe;_xMx)O redox pair as the reactive working material,
however, is the rapid deactivation of the iron oxide particles
during the cyclic reaction. This takes place because of the
high-temperature melting and sintering of the iron oxide
particles, which results in a rapid decrease in the iron oxide
surface area.

The present authors successfully demonstrated a repeatable
two-step water-splitting cycle using Fe;O,4 or other metal-doped
iron oxides (ferrites) supported on monoclinic ZrO, (m-ZrO,)
[12—16]. The ZrO, support alleviated the coagulating or sinter-
ing of the solid reactant of the iron oxides, so the two-step
reaction could be repeated with a relatively strong degree of
activity in a temperature range of 1000—1400 °C. The m-ZrO,
supportis thus a chemically inert material for a repeatable two-
step water-splitting cycle using Fe;0, or ferrites at high
temperatures.

The present authors also demonstrated that a new redox
reaction occurs on Fe;O, supported on yttrium-stabilized
cubic zirconia (FesO4/c-YSZ) [17—19]. When c¢-YSZ particles
were used as a support for Fe;0,4, the XRD studies indicated
that the new cyclic reaction proceeds as follows:

Fe2"YyZr;_yOsypix + X/2Ho0 = F&l Y, Z11_yOs_y 2. 30/2 + X/2H,

(3)

FeZ"YyZr1 yOs y/oi3x2 = Fe2 Yy Zr1 Oy y /o x + /40, )

where y >0.15. Fe?*-YSZ is first formed by the high-temper-
ature reaction between the YSZ and the Fe;0, supported on
the YSZ, at a temperature above 1400°C and in an inert
atmosphere:

X/3Fe304 + Yy Zr1 4Oy y0 = Fe27 Y, Zr1 0y y 0. + X/60, (5)

When Fe;04/c-YSZ (y=0.15) is thermally reduced at
1400 °C, the x value as estimated by chemical wet analysis is
0.08 [18,19]. In the subsequent hydrolysis reaction, the formed
Fe’"-YSZ is reacted with steam at 1000°C to generate
hydrogen and is oxidized to Fe**-YSZ. The repeatability and
stoichiometry of hydrogen/oxygen production has been
examined using T-R step temperatures of 1450—1600 °C [20].

Different concepts regarding solar reactor-receivers that
use ferrites or mixed iron oxides have been proposed and
demonstrated by several research groups [5,21—40]. These

proposed solar chemical reactors are assumed to be combined
with developed solar reflective towers, parabolic dishes, or
beam-down optics. Thus, solar reactors-receivers are equip-
ped with a transparent quartz window to allow the direct
heating of redox working materials by the passage of
concentrated solar radiation, which yields high temperatures
at a reaction site.

The present authors have developed ceramic foam devices
whose foam matrix is made of MgO-partially stabilized
zirconia (MPSZ); the foam matrix is coated with zirconia and
ferrite particles (ferrite/zirconia/MPSZ foam device). The
advantage of using a ceramic foam device is that it makes
possible the effective absorption of light irradiation due to the
large specific surface area. Multicycling of the two-step water-
splitting process have been demonstrated using these foam
devices [37—40]. When these foam devices were prepared
previously using a wash-coating method, however, a great
deal of time was required for the coating processes with the
zirconia and ferrite particles, including a number of calcina-
tions at a high temperature of 1000 °C (for example, 40—50
coating steps with NiFe,04/m-ZrO, particles and same
number of calcinations [39]).

In the present study, the authors address a method of
preparation of NiFe,04/m-ZrO,/MPSZ and Fe;04/c-YSZ/MPSZ
foam devices that can shorten the preparation period and
reduce the coating process as compared to the previous
preparation method. The water-splitting foam devices are
prepared using a new method of spin coating. The activity and
reactivity of the water-splitting foam devices are first exam-
ined using solar-simulated Xe-light irradiation for the T-R step
and then using another quartz reactor and an electric furnace
for the subsequent W-D step. Most reactive foam device of
NiFe,04/m-ZrO,/MPSZ was tested in a windowed single
reactor for successive two-step water-splitting under Xe-
beam irradiation to simulate solar radiation. The hydrogen
productivity and reactivity of the NiFe,04/m-ZrO,/MPSZ foam
devices were evaluated.

2. Experimental procedure
2.1. Synthesis of ferrite/zirconia particles

Zirconia-supported ferrites were prepared as follows. Mono-
clinic zirconia (m-ZrO,), or cubic yttrium-stabilized zirconia
(c-YSZ) doped with 8 mol%-Y,03 ((Zr05);_-(Y203), at z=0.08),
were used as supports for Fe;O, or NiFe,O4. The m-ZrO,
support had a purity of 98%, a particle size smaller than 1 um,
and a Brunauer—Emmett—Teller (BET) relative surface area of
13m?g ™. The c-YSZ support had a purity of 99%, a particle
size smaller than 1pum, and a BET relative surface area of
7 +2m? g 1. The zirconia-supported ferrites were prepared by
coating the m-ZrO, or c-YSZ particles with the ferrite (Fe;04 or
NiFe,0,4), using the aerial oxidation method of aqueous
suspension of the Fe(ll) hydroxide with/without Ni(II)
hydroxide [12—20]. The loadings of Fe;O, or NiFe,O,4 in the
zirconia-supported ferrites were about 20% on a weight basis.
The zirconia-supported ferrites (Fes04/m-ZrO,, Fe;04/c-YSZ,
NiFe,04/m-ZrO, and NiFe,04/c-YSZ) were calcined at 900 °C in
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