Thermochimica Acta 532 (2012) 134-138

Contents lists available at ScienceDirect

Thermochimica Acta

thermochimica acta

journal homepage: www.elsevier.com/locate/tca =

Solar thermochemical process for hydrogen production via two-step water
splitting cycle based on Ce;_,PryO,_s redox reaction

Qing-Long Meng?, Chong-il Lee?, Hiroshi Kaneko®, Yutaka Tamaura?P*

a Department of Chemistry, Graduate School of Science and Engineering, Tokyo Institute of Technology, Tokyo, Japan

b Solutions Research Laboratory, Tokyo Institute of Technology, Tokyo, Japan

ARTICLE INFO ABSTRACT

Article history:
Available online 3 February 2011

Keywords:

Thermal two-step water splitting reaction
Hydrogen production

Cel—xperZ—S

Reactive ceramics

Concentrated solar energy

Rotary-type solar beam reactor
1023 K.

Cey_xPry0,_5 (x=0, 0.05, 0.1, 0.2 and 0.3), as reactive ceramics synthesized by combustion method for
H, production via two-step water splitting reaction with concentrated solar energy, was investigated in
present work. XRD analysis of the samples shows that PrgO;7 underwent a phase transition into PrOsand
Pr,03 cannot be oxidized by steam to yield H; in two-step water splitting reaction. The solid solutions
of the samples containing Ce were formed with a single cubic CeO, fluorite structure after synthesis
and even after two-step water splitting reaction. Although Pr cannot be oxidized by steam to generate
H, in two-step water splitting reaction, the promotion effect is present with the introduction of 5 mol%
and 10 mol% Pr into CeO, on the amounts of O, and Hj, but the volume of H, evolved is enhanced or
not, strongly dependent on the H,-generation temperature. The optimum H;-generation temperature is
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1. Introduction

Hydrogen (so-called solar fuel) is not only environmentally
friendly [1] but also a high-energy fuel [2] comparing with con-
ventional fuels, and hence it is an ideal fuel to replace traditional
fuel to solve energy shortage and environmental pollution prob-
lems [3]. Particularly, producing hydrogen driven by concentrated
solar energy via thermal two-step water splitting reaction has been
attracted much more attention in recent decades because there is
no pollution both in production and utilization processes.

Cyclic two-step water splitting reaction with metal oxides
driven by the concentrated solar energy can be expressed as fol-
lowing equations [4,5]:

0,-releasing step:

concentrated solar energy,
—>

MOy MOreq + 02(g) (1)

H,-generation step:
MOyeq + H0 — MOox + Ha (g) (2)

where MO stands for metal oxides with variable valences, the sub-
scripts red and ox represent reduction state and oxidation state
of the metal oxide. Undoubtedly redox pairs formed by metal
oxides with reversible valences play the most important role in
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this cyclic reaction system. Various materials for two-step water
splitting reaction driven by concentrated solar energy have been
extensively studied. The research mainly aiming at lowering O,-
releasing temperature and enhancing hydrogen yield has been
conducted with different redox pairs of metal oxides or mixed
oxides, including Fe304/Fe; 03 [6], ZnO/Zn [7-9], Mn304/MnO [10]
(Fe1_xMjx)304 (M =Mn, Mg, Co, Ni, Zn) [11-13] and YSZ-Fe304 [14],
but they were restricted by the problems, such as ceramics sintering
and thermal stability in O,-releasing reaction at high temperature,
reaction rate in H,-generation reaction and amount of hydrogen
generated.

The facile Ce**/Ce3* repeatable redox process of CeO, under rich
and lean oxygen conditions makes it possible to utilize CeO; as a
reactive ceramic for hydrogen production via two-step water split-
ting reaction [15], however, the reduction reaction took place above
2000K, which is too high to achieve for practical application driven
by concentrated solar energy and causes serious sintering problem
at so high temperature. Since the introduction of other rare earth
or transition metals into CeO, lattice could enhance the chemical
and physical properties by creating oxygen vacancies inside the
host oxide [16-19], the CeO,-MOy (M =Mn, Fe, Ni, Cu, Zr) have
been confirmed by our group as good reactive ceramics [20,21],
in comparison with pure CeO,, which not only lowers the reduc-
tion temperature down to approximately 1773 K but also promotes
the amount of hydrogen generated. Additionally, it is applicable for
rotary-type solar beam reactor devised by our group [22] to pro-
duce hydrogen with concentrated solar energy. So far, CeO,-based
ceramics have been the most promising material for hydrogen
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production using the rotary-type solar beam reactor driven by con-
centrated solar energy via two-step water splitting reaction.

Many studies have already reported that the introduction of
appropriate content Pr into CeO,, to a great extent, can enhance
oxygen storage capacity and oxygen mobility [23-25]. So the
promotion effect of Pr doped CeO, as a material on hydrogen pro-
duction via two-step water splitting reaction is anticipated.

In this study, the CexPri_4O,_s (x=0, 0.05, 0.1, 0.2 and 0.3)
for hydrogen production via two-step water splitting reaction
was carried out, with a purpose of demonstrating the feasibil-
ity of CexPry_,0O,_s as promising reactive ceramics to convert the
concentrated solar energy, especially using the rotary-type solar
beam reactor, into chemical energy (hydrogen, solar fuel), and
investigating the optimal H,-generation temperature for hydrogen
production.

2. Experimental
2.1. Sample synthesis

The rare-earth metal solid solutions, Ceq_,PryO,_s (x=0, 0.05.
0.1, 0.2, 0.3 and 1) for two-step water splitting reaction, were syn-
thesized by combustion method taking stoichiometric amounts of
cerium nitrate hexahydrate Ce(NOs)3;-6H,0 and oxalyldihydrazide
(CaHgN4O,, OBH) and PrgOq1. The chemical reaction equation for
the preparation has been reported somewhere else [26].

Typically, synthesis for Ceg gPrg 10,_s,0.18916 g PrgO11 was dis-
solved in hot dilute nitric acid and 4.322g Ce(NO3)3-6H,0 and
1.771g OBH were separately dissolved in minimum amount of
deionized water, and then mixed the specified amounts of aque-
ous solutions together. The solution containing Ce(NOs), Pr(NO)3
and OBH(C;HgN40,) was heated on a hot stirrer at 623 K inside
fume hood, which underwent boiling frothing, foaming and ignited
to a voluminous oxide powder. The resultant powder was, in turn,
burnt with a burner flame and ground by agate mortar and pes-
tle. In order to eliminate the undesirable impurities and/or organic
components, the resulting powder, subsequently, was heated in an
electric resistance furnace at 1273 K for an hour and then cooled
down to 773 K to hold at 773 K for 30 min, finally, swiftly quenched
with ice. The red powder was eventually formed, whose colour
slightly varies with the mole ratio of cerium to praseodymium.

2.2. Experimental setup

A quartz tubular reactor system, where two-step water split-
ting reaction alternately took place, is schematically depicted in
Fig. 1. The sample packed into a mesh platinum cup (gases could
pass through the platinum cup) was mounted above a support com-
posed of a platinum holder and a fine ceramic tube. Infrared image
furnace was used to simulate the concentrated solar energy for
heating sample in two-step water splitting reaction. In order to
efficiently control the reaction temperature by temperature pro-
gram controller (TPC), a thermocouple in close contact with the
platinum cup was inserted in the ceramic tube. The gases evolved
in two-step water splitting reaction were recorded online by direct
gas mass spectrometer (DGMS).

2.3. Two-step water splitting reaction

Two-step water splitting reaction was consecutively carried out
for several cycles, and O,-releasing reaction and H,-generation
reaction were alternately performed in the reactor by swiftly
switching the valves (Fig. 1). Heating-up and cooling rates were
always the same, 200 Kmin~! and 1000 K min~!, respectively.

It has been reported that the optimal O,-releasing reaction
temperature of CeO,-based materials is about 1773 K, but the opti-
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Fig. 1. Experimental set-up for two-step water splitting reaction.

mum Hy-generation reaction temperature is different according to
CeO,doped different metal oxides [20,21], so the same O, -releasing
temperature (1773 K) was used in present work. The O, releas-
ing process was first performed in Ar (100cm3 min—!) at 1773 K
for 3 min, and subsequently H,-generation process was conducted
in steam (0.36cm3®min~!) generated by vaporizing dropwise
degassed deionized water (provided by a micropump) with elec-
tric resistance furnace at 673K, along with Ar (100 cm3 min—1)
gas. In order to determine the appropriate H,-generation reac-
tion temperature, the H,-generation reaction was performed at
773K, 1023K and 1223K, respectively and two-step water split-
ting reaction was repeated for five cycles at each Hy-generation
temperature.

2.4. Sample characterization

All the samples synthesized, as well as obtained from two-step
water splitting reaction were subjected to X-ray diffraction (XRD),
with Ni-filtered Cu-Ka radiation (Rigaku, RINT 2100) to identify
the existing phase. The samples were scanned in the 260 range
from 20 to 100. The qualitative analysis, such as identification of
crystalline phase and lattice constant was executed by PDXL soft-
ware.

3. Results and discussion
3.1. Sample characterization

The sample of Ce;_yPrxO,_s as-synthesized powder was char-
acterized by XRD and the patterns are shown in Fig. 2. It can be
observed that when x=0 and 1, the diffraction peaks are attributed
to cubic CeO, and PrgO1; fluorites, respectively. When x = 0.05, 0.1,
0.2 and 0.3, the diffraction patterns are indexed to CeO, cubic flu-
orite structure and no other impurity peak can be observed in XRD
patterns. This indicates that CeO, solid solution was formed with a
single phase after synthesis (Figs. 3 and 4).

From the XRD patterns of the samples after synthesis (Fig. 2)
and two-step water splitting reaction (Fig. 3), it can be observed
that the synthesized pure PrgO;; phase transferred into Pr,03
phase in two-step water splitting reaction and always retained
the Pr,03 phase during two-step water splitting reaction, indi-
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