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The preparation and optimisation of Lag gAlp oNiO3 5 (LANi82) perovskite shaped as reticulated porous ceramic
(RPC) structures for Hy production by thermochemical water splitting is presented for the first time. The
perovskite was first synthesised in powder form following a modified Pechini method. The redox properties of
the LANi82 were first tested under Ny/air flow in a thermogravimetric analyser. After that, the sponge replica
method for preparing RPCs was optimised in terms of slurry composition and final thermal treatment to obtain a
LANi82-RPC structure with porosity and strength appropriate to enhance heat and mass transfer in further solar
reactors. The optimised LANi82-RPC material showed an outstanding hydrogen production of 8.3 cm® STP/
@material-Cycle at isothermal conditions (800 °C). This production was increased up to 11.5 cm® STP/ Smaterial-Cycle
if the thermal reduction was performed at 1000 °C. Additionally, a stable activity with almost constant Hy
production in consecutive cycles was obtained for the optimised LANi82-RPC in both cases. The structure of the
reticulated porous materials, with open macroporosity and wide interconnected channels, enhances heat and
mass transfer, leading to higher hydrogen productions of the LANi82-RPC as compared to the materials as
powder form in the same experimental set-up. These facts reinforce the favourable prospects of LANi82-RPC for
large-scale hydrogen production, improving the coupling to current solar thermal concentration technologies

developed, such as concentrated solar power tower.

1. Introduction

The impact of global climate change, due to greenhouse gases
emissions [1], and the potential dependence on foreign energy of many
countries as fossil fuels reserves are not distributed evenly worldwide,
make it necessary to draw energy from renewable sources [2,3]. Elec-
trification of some industrial and transportation sectors as well as certain
residential applications, is not always technically possible. Conse-
quently, the massive use of renewable sources to solve these problems is
not feasible in the short to medium term. For that reason, one of the most
important challenges for the world in the current decade is developing a
clean and sustainable carbon-neutral fuel to help in the fight against the
global energy crisis and environmental pollution [4,5].

In this context, hydrogen (H), as fuel, is considered the most
promising alternative energy carrier due to its high energy density (120
MJ/kg) and the fact that its combustion product (H20) is environmen-
tally friendly [3,6]. In 2019, Europe used 339 TWh (low heating value,
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LHV) of hydrogen per year, mainly as a feedstock to make other mate-
rials or to produce heat in industry, and the projection to 2050 is a
growth in the contribution of hydrogen in Europe’s energy mix for en-
ergy uses from the current < 2 % to more than 23 % (74 % of it for
transport, power generation and buffering, heating and power for
buildings and industry energy) [7-9]. This fact demonstrates that, in
spite of the expectations around hydrogen as a key factor for the tran-
sition to a climate neutrality scenario, nowadays, the role of hydrogen as
an energy vector is minimal. The main reasons are the lack of techno-
logical development for final use applications as well as the difference in
cost as compared to other fuels, 1-1.5 €/kg fossil fuels as compared to
5-7 €/kg for renewable hydrogen coming from water electrolysis with
renewable electricity [10]. Hydrogen can be obtained by breaking the
chemical bonds of natural gas and light hydrocarbon compounds
through processes such as steam reforming, partial oxidation, auto-
thermal reforming or gasification, obtaining the so-called grey
hydrogen, or blue hydrogen if carbon capture and storage techniques are
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applied for capturing the CO, produced in those processes [11,12].
However, the desirable hydrogen production should put together
renewable energy and renewable sources, leading to the so-called green
hydrogen. That is the case of the hydrogen obtained from: i) electrolysis
of water using renewable energy as a source of electricity with zero CO4
emissions, ii) biogas reforming, iii) biochemical conversion of biomass,
only if sustainability requirements are met during the production pro-
cess [12-14]. In this sense, the availability of solar energy (Earth is hit
by 430 EJ per hour every day [15]) makes thermal water splitting using
concentrated solar energy an attractive alternative for green hydrogen
production [6]. Nevertheless, despite the simplicity of the process, the
direct thermolysis of water requires a high amount of energy, and
temperatures as high as 2500 °C to produce only 9 % of water dissoci-
ation (at 1 bar). These operational temperatures cannot be reached with
the current solar thermal systems [16]. So, solar driven thermochemical
cycles for water splitting have attracted attention as a potential and
promising alternative for green hydrogen production [3,17]. In these
processes, water can be dissociated into hydrogen and oxygen through
different consecutive reactions with lower temperature requirements
than thermolysis. Particularly, those thermochemical cycles based on
metal oxides that follow a two-step mechanism: first, oxygen is released
during the thermal reduction of the metal oxide (R1), being o the extent
of reduction. After that, the reduced solid reacts with HyO vapour,
reoxidising the solid and producing hydrogen in a second step (R2). The
result after the cycle is the generation of Hy and O by splitting the water
molecule. However, this process has as an important drawback that the
reduction temperature reaches values up to 1500 °C, depending on the
metal oxide employed in the process [18,19].

MexOy — MexOy.o + /2 O2 (RD)
Me,Oy.o + a HoO — MeyOy + o Hp (R2)

Among the large number of metal oxides reported in the literature for
this application, ceria (CeOy) is one of the most studied, mainly due to its
thermodynamically favourable oxidation, good kinetics, and good
thermal stability. However, ceria requires high reduction temperatures
(close to 2000 °C) to achieve a full reduction extent [20]. To solve the
problem, ceria can be partially reduced following a reaction close to R1,
obtaining non-stoichiometric ceria using temperatures for thermal
reduction close to 1500 °C [21-24]. However, this temperature is still
too high, and the low hydrogen production under these conditions
makes it necessary to find alternative materials for this application.

Considering the above-mentioned problems, it is mandatory to find
new materials that can be thermally reduced at low temperatures (<
1000 °C) without decreasing the hydrogen production. In this context,
non-stoichiometric oxides can be used for this application as they show
an efficient reduction capacity at moderate temperatures, favourable
oxidation thermodynamics, in both cases (reduction/oxidation) with
fast kinetics, and with remarkable stability at high temperatures.

Perovskites are mixed oxides with ABO3 or A;BO4 type structure, in
which position A is occupied by a large cation (e.g. La or Sr), and B by a
smaller metallic cation (e.g.: Mn, Fe, Co, Ni or Cu). Both sites A and B can
be partially occupied simultaneously by different metallic cations with
different oxidation states without modifying the crystalline structure of
the perovskite matrix. The electroneutral state is consequently achieved
by the formation of oxygen vacancies, leading to non-stoichiometry
perovskites. These changes improve the redox activity of the perov-
skites due to the presence of oxygen vacancies and the multiple oxida-
tion states of metal in -B position [16,25]. Perovskites have been
proposed in multiple applications due to precisely their redox proper-
ties, such as heterogeneous redox catalysts or solid fuel cell
electrocatalysts.

While basic research is commonly devoted to identifying redox pairs
formulations with outstanding redox activity and long-term stability
under concentrated solar irradiation [26,27], the development of solar
reactors capable of performing the process with enhanced efficiency and
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scalability for further industrial application should be addressed. Among
solar reactor concepts proposed to get temperatures high enough for the
thermal reduction, reticulated porous ceramic (RPC) structures placed
in a cavity-receiver have been proposed as a simple alternative pro-
moting the pass of the solar irradiation into the reduction/oxidation
space [28-32]. Combining a cavity-receiver with pure cerium oxide
shaped as RPC, with two reactors working in parallel, allows a good
volumetric radiative absorption with a high mass loading of active
material in the reactor for the application [23].

Actually, RPC structures have been proposed as potential candidates
for the design of thermochemical water splitting solar reactor, not only
for ceria-based materials [33], but also for conforming other mixed
metal oxides [34,35].

This work describes the preparation, evaluation, and optimisation of
RPCs structures of Lag gAly oNiOs s to be used for hydrogen production
by two-step thermochemical water splitting. This perovskite has been
proposed by the authors in a previous work with a remarkable pro-
duction of 5.6 cm® STP Ha/8material-cycle, working at reduction and
oxidation temperatures of 1000 °C and 800 °C, respectively, and 4.4 cm®
STP Hy/gmaterial-cycle under isothermal conditions at 800 °C, when it is
used as powder shape [36]. In both cases, the reduction was performed
using Ny flow as inert gas and reoxidation with Ny saturated with HyO
vapour.

In this work, the material was firstly prepared in powder following a
modified Pechini method reported in the literature [36,37], and its
redox capacity, activity and cyclability at 1000 and especially 800 °C
was thoroughly evaluated during continuous step-by-step production of
O, and Hj. Afterwards, the macroscopic shaping of the powder into an
RPC structure following the replica method used for manufacturing
ceramic sponges was optimised. The activity and cyclability of this RPC
were analysed using the powder material as a reference. This is the first
time that Lag gAlpaNiOs g in RPC structures working at a low tempera-
ture of 800 °C is reported, being a promising alternative for the devel-
opment of clean and efficient H, production processes in the near future
at higher TRL (technology readiness level) than current advances, which
can be considered in the phase of “research to prove feasibility” (TRL
2-4) [38,39].

2. Materials and methods
2.1. Materials

Different metal nitrates were used for the synthesis of the
Lag gAlp 2NiO3.5 following the Pechini method: La(NO3)3-6H20 (Hon-
eywell, 99 % purity), AI(NO3)3-9H;0 (Panreac, 98 % purity), Ni
(NO3)2-6H20 (Fluka, 97 % purity). Contraspum KWE (anti-foaming
agent), Dolapix CE 64 (deflocculating agent) and Optapix PA 4G (binder
agent) were supplied by Zschimmer & Schwarz (Spain). Polyurethane
foams (PUS, 40 ppi, pores per linear inch) were acquired at Comercial de
Industria y Representaciones S.L. (CIR-62, Spain).

2.2. Preparation of Lay gAlp 2NiOs_s reticulated porous ceramic (RPC)
structures

LaggAlg oNiO3 (LANi82) was synthesised by a modified Pechini
method following the procedure described elsewhere [36,40]. First, the
metal nitrates were incorporated in the desired proportion into a citric
acid solution and stirred at 70 °C for 10 min. The citric acid is used as
chelating agent of the metallic species. Afterwards, ethylene glycol was
added to produce a polymer with the metallic cations homogenously
distributed and the new mix was stirred for 2 h at 90 °C. Ammonium
hydroxide was added until a pH of 9 was reached, favouring the for-
mation of stable metal citrate species, and preventing precipitation of
individual hydroxides. After that, the solution was heated at 130 °C for
4 h to promote the polyesterification between the citrate and ethylene
glycol, forming an extended covalent network with the metal ions
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entrapped homogeneously. Finally, the gel was washed, filtered and
dried overnight at 120 °C which allows to obtain a resin. The resin was
milled using an agate mortar and the powder obtained was calcined for
6 h under static air at 1000 °C [36].

Several LANi82-RPC samples were prepared by optimising the
replica method used for manufacturing ceramic sponges [41-44], and
also used to prepare pure ceria and doped ceria RPCs in literature [23,
31]. The procedure is summarised in Fig. 1. Firstly, a slurry with the
viscosity and consistency necessary for a good impregnation of the
organic polymer used as scaffold should be prepared. LaggAly 2NiOs 5
particles were dispersed in water (1:3 mass ratio) using the defloccu-
lating agent to prevent agglomeration of the smaller particles during the
process. The suspension was stirred at 85 °C for 15 min, before the
addition of the organic binder agent. After that, the slurry was stirred for
30 more minutes, adding several drops of the non-ionic anti-foaming
reagent. The proportions of the reactants and precursors were opti-
mised, with the formation of a stable RPC structure (shaped structure) at
the end of the overall process as response variable. The polyurethane
foam (PUS) was shaped as a cylinder of 3 x 3 cm and submerged in the
slurry, covering the surface of its walls with the slurry. The PUS was
maintained in the slurry for 10 min, and then the excess of slurry was
removed from surfaces and the cylinder dried at ambient temperature.
The coating procedure was repeated twice, obtaining an appropriate
density and thickness of the coated film to ensure the mechanical sta-
bility of the final RPC after the removal of the PUS.

The polyurethane foam acted as sacrificing organic scaffold, being
calcined and burned out from the final structure. At the same time, the
inorganic walls were sintered during this final calcination step. The
heating rate and the final temperature are critical variables in the final
porosity and mechanical strength of the RPC, and consequently, both
were optimised by evaluating different calcination programs (Fig. S1).

2.3. Physicochemical characterisation of materials

The composition of the perovskite synthesised by the Pechini method
was determined by inductively coupled plasma atomic emission (ICP-
AES) analysis collected in a Varian Vista AX spectrometer. This tech-
nique allows obtaining the La/Al/Ni composition of the sample, being
the oxygen content estimated from the mass balance. The morphology
and crystalline structure of the materials were analysed by X-ray
diffraction (XRD) with a Philips XPert diffractometer using CuKa radi-
ation and Scanning Electron Microscopy (SEM), with a Philips Scanning
Electron Microscope XL30 FEG with an accelerating voltage of 5.00 kV
and a magnification of 60.0. Redox capacity of the perovskite with the
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temperature was evaluated by thermogravimetric analysis (TGA) in a
TG/DSC equipment from Mettler Toledo. Thermal reduction was per-
formed under continuous N3 flow (100 mL/min), heating rate of 10 °C/
min, starting from 45 °C up to 1000 °C. After that, oxidation was per-
formed in air (100 mL/min) with a cooling rate of — 10 °C/min until
reaching 45 °C again. The pore size distribution and the porosity of the
LANi82-RPCs were determined by an AutoPore IV 9500 series equip-
ment from Micromeritics, using the Washburn equation [45]. The me-
chanical strength of the LANi82-RPC structures was evaluated using a
stepper motor powered test stand equipment, model TVO 500N500S, for
compression force measurements. This equipment allows a precise
adjustment of the transversal movement speed of the pressure disc
(100 mm/min in this work). The measures were repeated in triplicate
for each RPC, using RPC probes of cylindrical shape with a diameter of
and length of ca. 3.5 cm and 3.2 cm, respectively.

2.4. Analysis of water splitting capability and hydrogen production
efficiency of the LANi82-RPC structure under different thermal reduction
conditions

The capability of the LANi82-RPC to produce hydrogen by thermo-
chemical water splitting was tested using a high temperature tubular
furnace (Nabertherm RHTH 70-600/18) coupled to two different gas
analysers in order to quantify de amount of oxygen and hydrogen
released in each step of the thermochemical cycle [46]. In a typical
cycle, 14 g of LANi82 -RPC were placed into the tubular furnace as a
packed bed (Fig. 2). The furnace was heated up to the final reduction
temperature (800-1200 °C) at 10 °C/min under a continuous flow of 50
NL/h of nitrogen used as inert gas carrier (with a rating of 5.0, that is a
99.999 % purity). Once the oxygen was released from the material, the
temperature was decreased down to the oxidation temperature (800 °C)
or maintained if the reduction was performed at that temperature. Once
reached the oxidation temperature, the nitrogen flow of 50 NL/h was
saturated in water at 80 °C (P20 = 7.2:10~* atm) before passing to the
tubular furnace. This step promotes the reoxidation of the perovskite,
releasing hydrogen, and closing the cycle. Once hydrogen is not detected
in the outlet stream from the furnace, the temperature is raised up to the
desired temperature again under continuous nitrogen flow free of water,
at the same heating rate, starting a new cycle. Once finished the last
cycle, the tubular furnace was cooled down to room temperature in
order to open it, recovering the active metal oxide and finishing the
process. It must be noted that the first cycle was discarded in all the cases
as it is usually considered as an activation step. Actually, it is the only
cycle in which reduction starts at room temperature, instead of

1. SLURRY PREPARATION

*Antifoaming agent
(Contraspum KWE)
Defloculant agent
(Dolapix CE 64)

Binder agent
(Optapix PA 4G)
Water

Perovskite (LANi82)

3. BURNING OUT &
SINTERING

Fig. 1. Scheme of the preparation of LANi82 —RPCs by the replica method.
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Fig. 2. Picture of the perovskite-based RPC structure inside the high temper-
ature tubular furnace.

switching between reduction and oxidation temperature.

In both reactions (reduction and reoxidation), the outlet gas mixture
stream passed through a cooler and a moisture trap to remove any trace
of water prior quantification of the oxygen and hydrogen content using
paramagnetic and thermal conductivity detectors, respectively
(Xstream-XE analyser from Emerson Process Management GmbH & Co.).
Both detectors were calibrated using nitrogen (the inert gas carrier) as
zero gas and 0.5 % Oy/N» or 0.5 % Hy/Nj streams as span, respectively.
O, and Hj detectors are located after the moisture trap and they are
online and measuring simultaneously during both reaction steps, to
discard leaks of air in the tubular furnace and the tubing during oper-
ation. The components of the gaseous stream coming from the tubular
furnace in each step of the cycle were also monitored using a mass
spectrometer, model OmniStar/ThermoStar GSD 350 from Pfeiffer
Vacuum GmbH, with an atomic mass unit range of 1-100 a.m.u. This
equipment was also connected online after the Emerson Xstream ana-
lyser, monitoring nitrogen, oxygen and hydrogen during the complete
cycle and discarding the presence of other compounds.

In addition to the thermochemical cycles with the RPC structures, the
LANi82 perovskite as powder was also tested in the tubular furnace
under the same experimental protocol. In that case, 1 g of the material as
powder was placed as a thin layer in a Pt/Rh crucible inside the tubular
furnace, in order to identify any differences in performance between the
perovskite placed in the reaction system as a reticulated porous structure
and as a powder bed.

3. Results and discusion
3.1. Physicochemical characterisation of the powder perovskite

The LANi82 perovskite was first analysed by ICP-AES, XRD and SEM
to confirm the properties previously determined when synthesising the
perovskite following the modified Pechini method at basic pH [36]:
atomic metallic composition close to the theoretical one (La/Al/Ni of
0.84/0.21/1, as compared to 0.8/0.2/1). The oxygen content was
determined by weighing the difference between the total mass used for
the ICP measurement and the amount of each metal presented in the
perovskite. Afterwards, the difference between the theoretical one and
the previously determined allows to estimate the non-stoichiometric
oxygen (8 = — 0.07).

According to the XRD (Fig. S1) and the Rietveld analysis (Table S1),
the material presents a single perovskite phase with a slightly distorted
orthorhombic structure (space group Pnma-62), with a Goldschmidt
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tolerance factor (t) of 0.842 determined through the chemical compo-
sition of the perovskite and the atomic radius of the elements following
Eq. (1). This value is in accordance with the reported in literature for
perovskite with monoclinic or orthorhombic crystal structure (t < 0.97)
[47]. Also, it must be noticed the absence of other peaks from impurities
or other crystalline phases. SEM revealed a wide particle size distribu-
tion ranging from 25 to 100 pm.
Ta+To

— AT'0 1
‘ V2-(rg +T0) W

3.2. Redox properties of the LANi82 perovskite

The redox capacity of the LANi82 was evaluated by TGA at a
maximum temperature of 1000 °C (Fig. 3 and Table S2). Higher tem-
peratures were not evaluated according to previous studies showing a
lack of stability of this perovskite at higher temperatures [36]. After the
first redox cycle, considered as a final thermal step for degassing and
activating the material, thermal reduction starts at a temperature of ca.
600 °C, reaching values of ca. 0.13 % at 800 °C and ca. 0.45 % at the
maximum temperature of 1000 °C. This reduction capacity of the ma-
terial, even at 800 °C, is in agreement with previous results obtained by
our group in a tubular furnace and reported in the literature [36].

Table S2 shows the values of weight gain and loss suffered by the
material in each cycle. As it can be seen, there are small variations in the
weight loss upon cycling, which can be related to thermal stability
problems at 1000 °C.

3.3. Preparation and characterisation of LANi82 RPC structures

As shown in the previous sections, LANi82 is a promising material for
large-scale hydrogen production through thermochemical cycles. In
addition, thanks to the operating temperature, it can be coupled to
current solar thermal devices, such as solar power towers, capable of
reaching those temperatures [6,43]. However, in a potential future
large-scale application, it is not possible to work with the material as
synthesised in powder form, so its macroscopic shaping into a reticu-
lated porous ceramic structure (RPC) was performed following the
procedure described in the methodology section. In a first approach, the
slurry and the calcination method were selected according to a previous
work in which ceria mixed oxides RPC structures were prepared and
tested for hydrogen production [23]. Thus a 0.83 wt% and 0.1 wt% of
deflocculating agent and binder agent with respect to the perovskite
powder were added to the mixture for the slurry preparation, and a
calcination method consisting of heating the sample in air up to 1200 °C
using a heating ramp of 2.5°C/min, was selected. However, this

1000

Weight (%)
(2] e ]
8 8

=
8
Temperature (°C)

200

Time (h)

Fig. 3. TGA of LANi82 at maximum reduction temperatures of 1000 °C.
Heating and cooling rate: + 10 °C/min. Reduction in N, and oxidation in air
flows (100 mL/min in both cases).
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methodology produces a complete destruction of the LANi82-RPC
structure, obtaining a coarse powder as a result of the process. The
calcination stage is a compromise between the temperature necessary to
remove the PUS from the final RPC structure (550-600 °C) [23], the
temperature necessary for the final sintering of the perovskite particles
that will form the walls of the RPC structure, and a heating ramp that
allows the slow liberation of organics during the process, but avoiding
structural damages or collapse of the RPC structure.

This step of the process was firstly optimised following a sequence of
different heating ramps and final temperatures (Fig. S2), being the goal
the formation of an RPC structure without partial collapsing of walls or
complete destruction at the end of the process. According to that vari-
able, the calcination method was finally optimised as described in
Table 1.

However, the mechanical strength, porosity, and wall thickness, are
critical variables for a further application of the RPCs and are also
influenced by the slurry prepared in the first step of the process [29]. All
those properties will affect the performance of the LANi82-RPC during
the thermochemical cycles and the lifetime of the RPC when placed in a
potential solar cavity reactor. Consequently, the influence of the
composition of the slurry on the properties of the final RPC structure was
also analysed by varying the proportion of deflocculating agent and
organic binder during the slurry preparation (Table 2). It should be
remarked that some compositions led to unstable structures that
collapsed after calcination, even following the methodology proposed in
Table 1. Those materials are identified in Table 2 as shaped: No, and they
were not further considered nor characterised and evaluated for
hydrogen production.

Once obtained four different RPC structures they have been observed
by optical microscopy. The photographs are shown in Fig. 4.

As it can be seen the materials present random macro-channels of
different sizes which are also randomly distributed along the RPC
structures. Moreover, structures RPC-1 and -2 exhibited spots where the
channel have partially collapsed, blocking them superficially.

One important variable related to the RPCs is the porosity of the final
structure. For this reason, this variable has been measured by mercury
porosimetry, and the results are shown in Fig. S3 (Supplementary in-
formation) and Table 3.

As it can be observed, the deflocculating and binder agents have a
great influence on the porosity of the RPC structures. Deflocculating
agent improves the dispersion of the perovskite particles in the slurry,
promoting a more compact washcoat product. For that reason, the
porosity increases from LANi82-RPC-1 to LANi82-RPC-2. At the same
time, the binder agent is necessary to ensure the union among the
powder particles in order to maintain the porous structure of the scaffold
during the calcination process and thus avoid the collapse of the RPC.
Thus, LANi82-RPC-3 and LANi82-RPC-4, with a higher amount of binder
in the slurry composition, showed a higher porosity thanks to the better
formation of the macroporous structure, even when increasing the
amount of deflocculating agent in LANi82-RPC-3. Unfortunately,
LANi82-RPC-5 has an insufficient amount of deflocculating agent, pro-
moting the formation of a deficient coating of the sponge, leading to a
collapse of the structure during calcination. Something similar occurs
with LANi82-RPC-6 but, in this case, the low concentration of binder is
not enough to attach and maintain the perovskite particles together as a

Table 1
Conditions of the optimised RPC calcination step.
Stage Heating ramp (°C/min) Isothermal stage (min) Temperature
(9]

1 0.5 - 25-100
2 1.5 - 100-250
3 2.5 - 250-750
4 - 60 750
5 5 - 750-1000
6 - 400 1000
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Table 2
Compositions of deflocculating and binder agents studied for shaping LANi82-
RPCs.

Material Deflocculant (wt%)* Binder (wt%)* Shaped
LANi82-RPC-1 1.67 0.10 Yes
LANi82-RPC-2 0.83 0.10 Yes
LANi82-RPC-3 1.67 0.20 Yes
LANi82-RPC-4 0.83 0.20 Yes
LANi82-RPC-5 0.41 0.10 No
LANi82-RPC-6 0.83 0.05 No

" (wt%) respect Lag gAlg oNiO3.s powder in the mixture.

uniform and continuous film over the sponge surface.

Additionally, another important fact is the total intrusion volume,
which is the amount of Hg introduced into the RPC pores. As it can be
seen, LANi82-RPC-1 showed the lowest intrusion volume, directly
related to its lower porosity and total pore area, together with an in-
crease in the density of the macroscopic structure. On the contrary,
LANi82-RPC-3 showed the opposite behaviour, with the highest intru-
sion volume due to its highest porosity and total pore area and its lowest
bulk density. Meanwhile, LANi82-RPC-2 and LANi82-RPC-4 showed
intermediate characteristics.

Additionally, regarding the pore size distribution (Fig. S3), it can be
seen that the RPCs that showed the highest porosity (RPC-3 and 4) are
the ones that show a unimodal pore size distribution centred in 350 nm
for RPC-3 and 400 nm for RPC-4. However, in the case of RPC-1 and 2
they show bimodal pore size distributions with pores with a diameter
lower than 10 nm and pores of 200 nm (RPC-1) and 900 nm (RPC-2).
This different behaviour could be explained by a partial collapse of the
structure or the partial plugging of some of the pores and channels.

In any case, SEM micrographs (Fig. 5) show that the walls of the
channels of the RPCs exhibit an irregular structure, with a high number
of macro-pores and meso-pores of different sizes. Although this is
particularly noticeable in samples RPC-3 and RPC-4, which have the
highest total porosity, it is also clearly visible in structures RPC-1 and
RPC-2. These meso- and macro- porosity have a high contribution to the
total porosity, as it is shown in Table 3.

Another important value regarding the RPC structures is their me-
chanical strength. The mechanical strength was evaluated with the
breaking strength of the different RPC materials synthesised. The results
can be observed in Table 4, where a clear trend between average
strength and porosity is observed (the higher the porosity, the lower the
mechanical strength), although, considering the confidence interval in
each RPC, the differences are almost negligible. Nevertheless, the porous
structure of the open channel walls shown in Fig. 5 for all the samples,
together with the high dimensions of these channels, could be respon-
sible for the similar and low hardness of the structures.

3.4. Hydrogen production and cyclability with LANi82 RPC structures

The activity of the four RPC structures for hydrogen production was
evaluated in the experimental set-up described previously. As an
example, Fig. 6 shows the total Oy, Hy and Hy/0O, molar ratio, and the
oxygen and hydrogen profiles evolved from the reactor obtained when
the tests were performed with the LANi82 in powder form (Figs. 6a and
6¢) while the results obtained with RPC-3 are shown in Figs. 6b and 6d.
The integration of the area under the curves (Figs. 6¢ and 6d) allows to
calculate the total amount of oxygen and hydrogen obtained in each
cycle (Figs. 6a and 6b).

The results obtained for oxygen and hydrogen production in the five
consecutive cycles tested for RPC-1 to RPC-4 are collected in Fig. 7. All
the structures showed stable behaviour during the five consecutive cy-
cles, accompanied by remarkable values of hydrogen production.
However, it is important to note that the LANi82-RPC with the highest
hydrogen production (8.3 + 0.03 cm® STP/gmateriai-cycle) was the
LANi82-RPC-3 followed closely by LANi82-RPC-4 with a value near to
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2mm

Fig. 4. Optical microscope photographs of the LANi82 structures: a) LANi82-RPC-1, b) LANi82-RPC-2, ¢) LANi82-RPC-3 and d) LANi82-RPC-4.

Table 3
Results of the mercury porosimetry.
Material Total intrusion Total Meso- and Total pore
volume (mL/g) porosity macro- area (m?%/
(%) porosity (%) 8)
LANi82- 0.23 48.31 32.3 1.14
RPC-1
LANi82- 0.36 59.61 30.7 1.65
RPC-2
LANi82- 0.39 65.39 32.6 1.70
RPC-3
LANi82- 0.35 63.42 31.6 1.67
RPC-4

7.9 +0.13 cm® STP/ Zmaterial-cycle. The better performance of these two
structures could be due to their better properties in terms of porosity
(65.39 and 63.42 %, respectively). Both LANi82-RPC-3 and LANi82-
RPC-4 were prepared with higher binder proportion than the other,
ensuring a better cohesion within the particles or perovskite in the RPC
walls. Consequently, the materials with lower porosity showed the
lowest hydrogen production, with 7.1 & 0.04 and 6.7 & 0.27 cm® STP/
8material-cycle for LANi82-RPC-1 and LANi82-RPC-2, respectively.

One important fact is that the RPC structures outperformed the
hydrogen production of the powder perovskite (4.4 + 0.026 cm® STP/
Zmaterial'cycle) by a factor of up to 1.5-2 [33]. A clear reason for this
enhanced activity is due to the open macroporosity of the RPCs,
improving the better contact and the diffusion of reactants and products
as well as the heat transmission phenomena inside the tubular reactor.

Additionally, all the materials showed Hy/O5 ratios close to 2
(Table 5), the theoretical stoichiometric one for water splitting.

The oxygen and hydrogen production under isothermal conditions

(800 °C) using the LANi82-RPCs structures were confirmed by the re-
sults obtained in the mass spectrometer coupled to the outlet stream of
the gas analysers (based on paramagnetic properties and thermal con-
ductivity). Thus, only nitrogen (gas carrier) and oxygen were detected
during reduction step, whereas only nitrogen and hydrogen were
detected during hydrolysis. A comparative example of the signals ob-
tained in the gas analysers and the mass spectrometer is shown in
Fig. S4.

It should be remarked that, according to the water saturation con-
dition of the carrier gas during the oxidation step, and the hydrogen
produced in each cycle, the maximum water conversion (obtained with
LANi82-RPC-3) was 23.1 %. This remarkable excess in water during the
oxidation is necessary in order to run the cycle under isothermal con-
ditions. It has been recently demonstrated that as the thermochemical
cycle involves two consecutive reactions in an open system, isothermal
operation is possible by ensuring the high partial pressure of water
during the oxidation reaction and the low partial pressure of oxygen
while the redox material is reduced [48]. To do that, not only oxygen,
unreacted water and hydrogen are continuously removed from the
system, but also an excess of water vapour:hydrogen ratio is necessary
(Mhydrogen:Nwater vapour << 1) in order to regenerate the redox material.

Once the activity of the LANi82-RPCs samples was evaluated, the
materials were characterised by XRD. The analysis of the materials by
XRD after five consecutive cycles at 800 °C (Fig. 8) showed that the
perovskite materials do not present any structural modifications or
segregation phenomena maintaining their initial phases.

These results reinforce the favourable prospects for large-scale
hydrogen production by thermochemical cycles using the LANi82-
RPC-3 or LANi82-RPC-4 materials at low temperatures (800 °C).

LANi82-RPC-3 was selected to evaluate hydrogen production in
thermochemical water splitting performed at higher temperatures



A. Pérez et al.

LANi82-RPC-1

LANi82-RPC-1

Catalysis Today 442 (2024) 114919

LANi82-RPC-2

LANi82-RPC-2

LANi82-RPC-3

LANi82-RPC-4

~ 5
A~ N

G

-

~ .

LANi82-RPC-4

Fig. 5. SEM micrographs of the LANi82-RPC structures.

Z A&\f*“‘/ Lo
N

i
L,
-~ .




A. Pérez et al.

Table 4

Breaking strength of LANi82-RPC structures.

Material Stress (kPa)
LANi82-RPC-1 3.86 £ 0.52
LANi82-RPC-2 3.74 £ 0.46
LANi82-RPC-3 3.65 + 0.40
LANi82-PRC-4 3.70 £0.77

(1000-1200 °C) during thermal reduction. The results are shown in
Fig. 9, as well as those obtained at 800 °C with this RPC for comparison.

Increasing the reduction temperature from 800 to 1000 °C allows an
increase in the hydrogen production from 8.3 + 0.03 cm?® STP/mater-
iarreycle to 11.3 £ 0.13 em® STP/gmateria-cycle, maintaining a stable
behaviour during the 6 cycles. This is a remarkable enhancement of the
hydrogen productivity although less than that expected according to the
results obtained in the TG analysis (as the oxygen released during the
reduction step in the tubular furnace is equivalent to 0.1 % of the mass
of the RPC introduced in the tubular furnace at the beginning of the step,
whereas 0.38 % mass variation was experimentally obtained in the TG;
Fig. 2 and Table S2) due to the difference between reoxidation with air
or based on the hydrolysis with vapour. O5 and Hy profiles of thermo-
chemical cycles at 800 °C show a stable behaviour during the cycles
(Fig. 10 a and b), with 70 min required for thermal reduction and hy-
drolysis taking ca. 60 min.

In the case of reduction at 1000 °C, the O3 and H; profiles show the
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Fig. 6. O, and H; production profiles during thermochemical water splitting with LANi82 in powder form (a and c¢) and RPC-3 (b and d), under isothermal conditions

at 800 °C.
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presence of two different oxygen sites as both graphs (Fig. 10 ¢ and d)
show two different zones in both steps of the cycles. Anyway, the time
required for reduction and hydrolysis is 90 min in each case. Thus, the
time required for a complete cycle is ca. 130 min and 180 min at 800
and 1000 °C, respectively, and the hydrogen production rate can be
calculated as 0.0640 and 0.0635 cm® STP/gmaterial'min. This result is
quite similar in both cases, marking the isothermal thermochemical
water splitting at 800 °C as the best conditions for hydrogen production
by thermochemical water splitting with the LANi82-RPC structure.
Finally, both the hydrogen production and the Oy and Hj profiles
(Fig. 10 e and f) show that the LANi82-RPC is non-stable in subsequent
cycles with thermal reduction at 1200 °C, as shown previously in liter-
ature with this type of perovskite as powder, probably due to the pres-
ence of segregated phases and sintering phenomena [36]. Consequently,
the hydrogen production decreases in each cycle, and the Hy/O5 ratio
drops below 2, as the reduced material cannot be completely reoxidised
during the second step of each cycle, lowering the hydrogen production
as compared to the previous one (Fig. 9).

In order to compare the results obtained in this study with other
metal oxides shaped as macroscopic structures, reported in the litera-
ture, Table 6 summarises their hydrogen production and the reduction/
oxidation conditions.

As it can be seen in Table 6, the Lag gAly 2NiO3.5 -RPC evaluated in
this study showed similar or even higher results than other materials
reported in the literature but working at lower temperatures, which
implies higher solar efficiency and lower radiation losses in the
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Fig. 7. a) O, and b) H, production during thermochemical water splitting with the LANi82-RPCs, under isothermal conditions of 800 °C (thermal reduction and
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Table 5

H,/0, molar ratios during thermochemical cycles with the LANi82-RPCs.

Bl = socl | O

1000°C [ = 1200°C

Material Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
LANi82-RPC-1 2.02 1.98 2.01 2.02 1.98
LANi82-RPC-2 1.98 1.99 2.01 2.03 1.96
LANi82-RPC-3 1.95 1.94 1.96 1.94 1.95
LANi82-RPC-4 2.04 1.97 2.03 2.02 1.98
LANi82

Intensity (a.u.)

LANi82-RPC-2 after cycles

LANi82-RPC-3 after cycles

LANi82-RPC-4 after cycles

LANi82-RPC-1 after cycles

Production H, (cm3STP/g,4eriaCycle) (bars)

idation) of 800 °C.

20

Fig. 8. XRD patterns for the LANi82-RPCs after the five consecutive cy-

cles tested.

concentrated solar power facilities necessary to reach the operation

temperatures.

The RPC structures were characterised by XRD and SEM after cycles
at thermal reduction of 800-1200 °C. The XRD profiles are shown in
Fig. 11 where the doted lines correspond to initial orthorhombic
perovskite phase. As it can be seen, when the reduction was performed

40

20(°)

60

2.0
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O A A a a
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molar ratio (symbols)

4 0.6 QN
04T
10.2
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Fig. 9. H; production (bar graph) and H,/O, molar ratio (square symbol) in 6
consecutive thermochemical cycles performed at reduction temperatures of
1200 °C (grey), 1000 °C (white) and 800 °C (black) and hydrolysis (reox-

phases from the main perovskite structure. This result is in accordance

T with the continuously decrease in the activity observed (Fig. 9) and the

80

changes in the oxygen and hydrogen production profiles (Fig. 10 e and

f). The XRD pattern of the RPC after thermochemical cycles at thermal
reduction of 1000 °C is slightly different form the initial structure, which

indicates that with a higher number of cycles the activity could decrease

which is in accordance with results reported in literature [36]. All the
signals identified in the XRD patterns are summarised in Table 7. As it

can be seen these new signals are mainly due to different LaNiO pe-

rovskites, aluminium oxide, and aluminium and nickel mixed oxides.

stability.

at 1200 °C new signals appeared indicating the presence of segregated

Finally, regarding the XRD pattern of the material tested isothermally at
800 °C it can be seen that new signals did not appear confirming its

Regarding the SEM micrographs (Fig. 12), it can be seen that only
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Fig. 10. Oxygen production profiles in 6 consecutive cycles at Trequction = 800 °C (@), Treduction = 1000 °C (c) and Tyeduction = 1200 °C (e), and corresponding
hydrogen production profile at Thydrolysis = 800 °C (b, d and f, respectively).

new phases were observed when the material was tested at 1000 and
1200 °C (Fig. 12c-d), with particles corresponding to an oxide with a
higher amount of aluminium according to the EDX analysis (Table S3).
These results are in agreement with the activity tests and the XRD pro-
files and suggest that the RPC structure could be not stable at higher
number of cycles performed at reduction temperatures higher than 800

°C.

4. Conclusions

This work shows the optimisation of the slurry composition for the
washcoat process and calcination rates for the macroscopic shaping of
perovskites as reticulated porous ceramic (RPC) structures showing how
these parameters have a critical role in the final properties of the
structures. Among all the LANi82-RPCs evaluated, the best one showed a
hydrogen production of 8.3 cm?® STP/gmaterial'cycle (almost double the
value shown in literature with the perovskite as powder) with stable
behaviour during the cycles tested. This improvement can be attributed
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Table 6
Comparison of hydrogen production and experimental conditions of different
metal oxides evaluated in thermochemical cycles.

Material Reduction Hydrolysis H, Ref.
conditions conditions (cm®STP/
8)
RPC structures
Ceg.oFeg 10, N, flow H,0/N, 14 [23]
(99.999 %), humidity:
50 L/h; T: 100 % (at
1300 °C 1 atm and
80 °C); T:
800 °C
CeO, Ar flow H,0/N, 9 [33]
(99.996 %); humidity:
T: 100 % (at
1450-1600 1 atm and
°C 200°C) T:
700-1200
°C
(Lag.655r0.35)0.0sMnO3 Ar flow Hy0/Ar 4.47 [34]
(99.999 %); humidity:
T: 1400 °C 100 % (at
1 atm and
200 °C); T:
1400 °C
Lag sSro.sMng 9Mgo 103+ Ar flow Gas flow: 3.64 [35]
CeO,, (99.999 %), 1.45 NL/
0.2 NL/min; min, H,O/
T: 1399 °C Ar: 0.25T:
1040-671
°C
Lag s5Sro.5Mng 9Mgo 103+ Ar flow Gas flow: 5.72 [35]
CeO, (99.999 %), 3.30 NL/
0.2 NL/min; min, H,O/
T: 1409 °C Ar: 0.8 T:
1034-781
°C
Lag,5St0,5sMng 9Mgo.103+ Ar flow Gas flow: 4.1 [35]
CeO, (99.999 %), 1.60 NL/
0.2 NL/min; min, H,O/
T: 1407 °C Ar: 0.8 T:
959-615 °C
Lag gAly NiO3_5 N, flow H,0/N, 8.3 This
(99.999 %), humidity: study
50 L/h; T: 100 % (at
800 °C 1 atm and
80 °C); T:
800 °C
Lag gAlg 2NiO3. s N, flow H,0/N, 11.5 This
(99.999 %), humidity: study
50 L/h; T: 100 % (at
1000 °C 1 atm and
80 °C); T:
800 °C
Fixed bed based on fibrous pellets
CeO, Ar flow H,0/Ar 3.1 [49]
(99.999 %), humidity:
0.2L/h; T: 100 % (at
1400 °C 0.5 atm and
100 °C); T:
1050 °C

to the high porosity (65.39 %) of the RPC structure, improving heat and
mass transfer processes.

Additionally, it has been demonstrated that this material can be
thermally reduced at a temperature as low as 800 °C, much lower than
the values reported in the literature for the metal oxides commonly
studied which makes it possible to integrate the macroscopic structures
in solar reactors with concentrated solar power technologies currently
available such as solar power towers or parabolic dishes. Most important
is the fact that this material can work isothermally, increasing the effi-
ciency of the process as it deletes the cooling step between the reduction
and oxidation reactions, maximising hydrogen production per cycle.
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Fig. 11. XRD patterns for the LANi82-RPCs after the six consecutive cycles
tested at different reduction temperatures.

Table 7
Signals identification in XRD patterns of the samples evaluated at different
operation temperatures.

Symbol  Compound Crystal Space group Ref.
system
< LayNiOy4 126 Tetragonal I14/mmm (139) COD
1533563
[ ) Al 404Nig 3 Cubic Fd-3m:2 (227) COD
1535762
A Al,O3 Hexagonal R-3c:4 (167) COD
5000092
* La;NiOy4 Orthorhombic Cmca (-a,c,b) (64) COD
1540177
u LayNiO4 Tetragonal I4/mmm (139) COD
1522571
&) LagNiOs3 99 Tetragonal I4/mmm (139) COD
1533567
o Aly1LaNiOqg Monoclinic P63mmc (194) COD
1001680
v Al,O3 Hexagonal R-3c:4 (167) COD
9008081
> AloNiO4 Cubic Fd3m (227) ISCD
608815
A Lagp gAlpoNiO3  Orthorhombic Pnma (62) MP 22590
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Fig. 12. SEM backscattering micrographs of the walls of the RPCs: a) raw material, and after the cycles performed at b) reduction temperature = 800 °C, c) reduction

temperature = 1000 °C and d) reduction temperature = 1200 °C.
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