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Two step water-splitting cycles by using metal ferrites are considered as a clean and
sustainable hydrogen production method, when concentrated solar energy is used to drive
the thermochemical reactions. This process involves the reduction at very high tempera-
ture of the ferrite, followed by the water reoxidation to the original phase at moderate
temperature, with the release of hydrogen. In order to decrease the temperature required
to decompose the oxide, mixed ferrites of the type MFe,0, with spinel crystal structure
have been examined. In this sense, ferrites with the partial substitution of Co and Ni for Fe
appear as successful materials in terms of hydrogen production and cyclability. In this
work, commercial Ni and synthetic Co ferrites have been subjected to two water splitting
cycles. The solid products obtained after thermal reduction and water decomposition re-
actions have been chemically and structurally characterized by WDXRF, XRD, XPS and SEM
techniques, in order to get a deeper understanding of the mechanisms controlling the
water splitting process. This knowledge contributes to improve the process involved in
thermochemical cycles and to understand the lower efficiencies (H,/O,) for Co ferrite
thermochemical cycles in comparison with those corresponding to Ni ferrite.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

As one of the most promising future energy carriers, hydrogen
is currently produced from fossil resources using reforming or

* Corresponding author.

gasification processes, with the consequent release of carbon
dioxide to the atmosphere. In fact, hydrogen can only be
considered as an environmentally friendly and sustainable
alternative to fossil energy carriers, if it is produced from
renewable energy and without harmful emissions [1]. In that
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sense, the use of solar energy to produce hydrogen fulfils the
requirements of a clean and renewable mechanism [2,3].
There are two main processes to obtain hydrogen using solar
radiation. One is the water splitting by an electrolyser, driven
by the electricity generated by a photovoltaic system. The
other one is thermochemical water decomposition, in which
water is decomposed into hydrogen and oxygen through in-
termediate reactions. This system, coupled with high tem-
perature solar concentrators, offer higher solar to hydrogen
system efficiency (up to 60—70%) compared to the conven-
tional photovoltaic—electrolyser system because the inter-
mediate process of solar energy conversion to electric power is
eliminated [4]. Thermochemical cycles are composed by
multi-step processes that form a closed cycle, in which the
overall reaction is H,O — H, + %4 O,. Hydrogen and oxygen are
produced in different steps and the intermediate reactants
can be recycled [5—7].

Since Nakamura investigated the Fe;O,/FeO redox pair
performance [8], many different redox pair systems have been
reported in the literature [9—-20]. In previous works, our group
has evaluated the activity of several ferrites for hydrogen
production by splitting water through thermochemical cycles
[21-23], concluding that Ni and Co ferrites are the most
promising ferrites for solar hydrogen production.

A two-step thermochemical cycle based on ferrites is
divided in activation and hydrolysis step. In the activation
step, a thermal reduction occurs, with the release of oxygen
(Ec. 1). During the hydrolysis step, the ferrite is in contact with
water from where it takes the oxygen to reduce, and hydrogen
is released (Ec.2).

There are different reactions proposed in the literature
[13,24]:

1
MFe;0; — (MO +2FeO),, + 5 O, Ec.1
(MO+2F€O)SS+ Hzo d MF9204+H2 Ec.2

Where M = Ni, Co. But due to the formation of a reduced phase
with a cell parameter similar to MO, another reaction could be
possible in the activation step (Ec. 3).

1 02 Ec.3

3 MFe,O, — 3 MO + 2 Fe304 + 7

A third reaction is also proposed in the activation step as a
combination of the last two (Ec. 4):

2 MFe,04 — (2 MO + FeO), + Fes04 + % 0, Ec4

Nevertheless, the specific reactions that take part in the
process are still not well identified. In order to find out the
reactions involved in the process and optimize the hydrogen
production, an exhaustive chemical and structural charac-
terization of the ferrites and reduced phases is needed. Thus,
in this paper Ni and Co ferrites have been subjected to two
water splitting cycles. A detailed chemical and structural
characterization of the ferrites before and after the cycling
assays has been carried out using WDXRF, XRD, XPS and SEM
techniques, in order to achieve a deeper understanding of the
activation step reaction mechanism and the whole thermo-
chemical cycle process.

Experimental procedure
Synthesis

Commercial nickel ferrite nanopowder (<50 nm particle size)
was supplied by Sigma-Aldrich and cobalt ferrite was syn-
thetized by co-precipitation method using stoichiometric
amounts of metal nitrates (Sigma-Aldrich) and NaOH as pre-
cipitation agent [22,23,25]. The precipitation was carried out
under 90 min reflux, N, atmosphere and vigorous magnetic
stirring. The co-precipitate was collected by centrifuging and
washed with water and acetone. The final product was ob-
tained by a thermal treatment at 1323 K, during 3 h and under
Ar atmosphere [25]. In order to obtain CoFe,O4 powder sam-
ple, the as-prepared material was ground with an agate
mortar.

Thermochemical cycles

Two-step thermochemical water splitting cycles were per-
formed in a laboratory scale testing bench described else-
where [21].

Powder samples were inserted into the electric furnace of
the reaction system in a Pt/Rh crucible inside a mullite tube
(20 mm outer and 17 mm inner diameters). Then, they were
subjected to two thermochemical cycles. Essentially, activa-
tion step was performed at 1450 °C under Ar atmosphere for
4 h. For the hydrolysis step, temperature was reduced to 950 °C
for 5 h under both Ar and steam atmosphere.

Characterization

During the thermochemical cycles, the outlet gas from the
reaction chamber was forced to pass through a water trap.
Then, the dry gas was introduced to a micro-gas chromato-
graph (Varian CP4900) to be analysed.

Chemical composition of the samples was determined by
X-Ray fluorescence (XRF) (PANalytical, Axios) using a specific
method developed for ferrites. The methodology was vali-
dated by contrasting the results with those obtained by
Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES).

The morphology of the ferrites was observed by Scanning
Electron Microscopy (SEM), using a Zeiss (Model EVO LS 15)
microscope and semi-quantitative chemical micro-analysis
was performed by an energy dispersive X-ray spectrometer
(EDX) from Oxford (Model INCA-Energy 350).

X-Ray diffraction (XRD) studies with CuKa radiation were
performed with a PANalytical XPert Pro diffractometer
operating at 45 kV and 40 mA for determining the crystalline
phases present in the samples. XRD data were collected in 0-
0 configuration in the angular range of 20° < 26 < 80° with a
0.017° step size. Phase identification was obtained by the
comparison method using the HighScore Plus software
(PANalytical) and the Inorganic Crystal Structure Database
(ICSD). Although XRD patterns obtained with Cu radiation
can be used for simple phase identification purposes, this
radiation may be not suitable for an accurate structural
characterization and phase quantification. Due to the large
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amount of Fe present in the samples, a relatively large part
of Cu radiation will be absorbed. The intensity of the
diffraction peaks will greatly reduce, making the measure-
ment extremely long or impracticable to accumulate enough
counts for a high degree of accuracy. For this reason, XRD
measurements used for Rietveld refinements were carried
out in a Bruker AXS D8 with Goebel mirror optic using a Co
radiation generated at 40 kV and 30 mA. These scans covered
26 values ranging from 15° to 125° with a step size of 0.01°.

Photoelectron (XPS) spectra were recorded using a Fisons
MT500 spectrometer equipped with a non-monochromatic Mg
Ko X-Ray source operated at 300 W and a hemispherical
electron analyser (CLAM2) operating at constant pass energy
of 20 eV which is typical of high-resolution conditions. The
residual pressure in this ion-pumped analysis chamber was
maintained below 10 8 torr during data acquisition. Specimen
charging was corrected by setting the signal from adventitious
C1s a 285.0 eV binding energy.

Results and discussion

In previous studies [15,26], it was observed that the amount of
oxygen obtained during the first activation reaction is asso-
ciated with a reaction mechanism involving oxygen release in
several steps. Together with oxygen produced by activation
step, oxygen absorbed by MFe,O, during its synthesis is
released when treating the sample to high temperature for the
first time. For this reason, chemical and structural charac-
terisation studies have been carried out during the first and
second thermochemical cycles.

Original ferrites characterisation

Chemical composition of original NiFe,04 (commercial ferrite)
and CoFe,0, (synthesised ferrite) determined experimentally
by XRF is very similar to the stoichiometric composition, as
shown in Table 1. Also it is possible to stand out that the
amount of impurities in both ferrites do not exceed 1.0 wt %,
as it was found in other ferrites characterised previously
[21,26].

XRD patterns obtained for both ferrites show a single cubic
spinel structure with a mean crystalline size of 11 and 98 nm,
respectively, as calculated using the Scherrer equation. On the
other hand, the measured lattice constants are in good
agreement with those values reported in the Powder Diffrac-
tion File (PDF) cards of NiFe,O4 (PDF pattern 003—0875) and
CoFe,0, (PDF file 022—1086).

Thermochemical cycles characterization

Size and morphology of Ni and Co ferrite powders, and their
evolution during the first two thermochemical cycles were
characterized by SEM images. As shown in Figs. 1 and 2, all
samples show the effect of sintering due to the high temper-
atures involved in the activation and hydrolysis reactions.
Comparing both ferrites after the second activation step (Figs.
la and 2a), it could be observed that Co ferrite shows bigger
sized particles than Ni ferrite. Although morphology and grain
size of Ni ferrite particles remain very similar after the second
hydrolysis step (Fig. 1b), it is observed a decrease in the par-
ticle size for Co ferrite particles (Fig. 2b).

Semi-quantitative energy dispersive X-ray microanalyses
were performed in a SEM-EDX for testing the homogeneity in
chemical composition after the activation and hydrolysis re-
actions. Figs. 1 and 2 show elemental mappings for samples of
Ni and Co ferrites after the second activation and hydrolysis
steps, respectively. These figures show the segregation of Fe
and Ni or Co during the activation reactions that was associ-
ated with the formation of a wustite phase characterized by a
high content of Ni or Co, and then the remaining spinel phase
would be enriched by Fe. These observations could indicate an
activation reaction corresponding to Ec. 4. This segregation
notably disappears in a significant way after the hydrolysis
reaction, indicating that the spinel ferrite can be recovered
during this reaction.

XRD patterns obtained, using Cu radiation, are displayed in
Figs. 3 and 4 for Ni and Co ferrites, respectively. Fig. 3 shows
that diffraction peaks of the starting spinel are sharpened by
thermochemical cycles, due to the crystallite coarsening at
the high temperatures used to drive the activation and hy-
drolysis reactions. This figure also shows new peaks corre-
sponding to a wustite cubic structure after the first and second
activation steps. Although the position of the diffraction peaks
of this phase matches closely to the pattern of pure NiO (PDF
pattern 003—0875), it can be observed a displacement of XRD
lines toward pure FeO (PDF pattern 003—0875). This result was
associated to the formation of a Ni rich solid solution of
(NixFe; xO) during the thermal reduction of Ni ferrite. After the
hydrolysis step, this phase disappears and the original struc-
ture of the spinel ferrite is recovered. The appearance of a
wustite phase during the activation steps of the thermo-
chemical cycles was also observed in XRD patterns of Co
ferrite samples, as shown in Fig. 4. This new phase corre-
sponds to a solid solution CoyFe; xO. Unlike in Co ferrite
samples, a small amount of this phase can be observed in the
XRD patterns after the hydrolysis steps, indicating that the
oxidation process has not been completed.

Table 1 — Characterization data of the NiFe,0, and CoFe,0, ferrites.

FERRITE Fe (%)* Ni (%) Co (%)* Lattice parameter Crystal size (nm)
sto. exp. sto. exp. sto. exp. 2(A) (Scherrer)®

NiFe,0, 47.7 48.0 25.0 26.0 = 8.32 11

CoFe,0,4 47.6 45.3 - 25.1 233 8.37 98

& Wt%.

® Estimated by means of the Scherrer equation.
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Fig. 2 — SEM images of sintered Co ferrites after the second (a) activation step and (b) hydrolysis step.
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Fig. 3 — XRD patterns of Ni ferrites.
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Fig. 4 — XRD patterns of Co ferrites.

Quantitative analyses of the crystalline phases identified
from XRD patterns have been performed using the Rietveld
method. We have used the version 4.2 of the TOPAS program
(Bruker AXS) to model the full pattern with the crystallo-
graphic information of MFe,0, spinel (M is Ni or Co) and a
wustite like oxide, both obtained from Pearson's Crystal
Structure databases (Pearson's Crystal Structure, Database for
Inorganic Compounds, Release 2016/2017. Materials Park:
ASM International, (2016)). In order to eliminate the instru-
mental broadening from the diffraction peaks of both phases,
the instrument functions determined from the profile shape
of an alumina plate standard measured under the same con-
ditions. The figures of merit used to evaluate numerically the
Rietveld refinement quality were: the weighted profile resid-
ual, Ryp, the statistically expected profile residual, Reyp, the
profile residual factor, Rp, and the goodness of fit (sometimes
referred as chi-squared), GoF [27]. Since GOF = Ryp/Rexp, a
GoF = 1.0 means that the fit is as good as possible.

It has been shown that both Co and Ni readily can sub-
stitute Fe in MO binary oxides with the rock-salt structure due
to the similarity in cation size of Fe?", Co®" and Ni**, leading
to the formation of solid solutions of Ni,_xFexO and Co;.xFexO
(Table 2) [27]. Since the difference in lattice constant between

NiO, FeO and CoO is lower that 3.5%, the local distortion in the
lattice introduced by this cation substitutions makes that
these mixed phases obey the Vegard's linear relation [28].
Thus, the value of the lattice constant deduced by the Riet-
veld refinement was used to calculate the composition
parameter X of ternary oxides. As shown in Table 2, after the
second activation cycle the Fe content in the wustite is higher
in Co ferrite than in Ni ferrite. For this reason diffraction
peaks of this phase are closer to pure FeO in Fig. 4 than in
Fig. 3.

On the other hand the composition of the spinel was esti-
mated considering the wustite stoichiometry together with
bulk compositions determined by XRF and the percentage of
spinel and wustite phases obtained by Rietveld refinement.
Although estimated chemical composition of Ni and Co spinel
phases after the second hydrolysis cycle, are close to perfect
stoichiometry, the results reported in Table 2 show that the
spinel phase in Co ferrites exhibits a more pronounced vari-
ation from the ideal value than Ni samples. The presence of a
small amount of wustite causes a decrease on the Co content
with respect to the theoretical stoichiometry. This observa-
tion confirms the results obtained by XRD using Cu radiation
(Fig. 4) where the solid solution CoyFe; O wustite phase is

Table 2 — Characterization data of Ni and Co ferrites after second activation and hydrolysis steps.

Ferrite Step Reaction Spinel Wustite Bulk composition Estimated spinel Wustite
Temp. (°C) phase (%) phase (%)* (%)° composition composition®
Ni Co Fe (0)
NiFe,0, 2 Act. 1450 71 29 2555 — 4533  27.23 Nio.11F€0.7501.31 Nio gaF€0.160
2 Hydr. 950 100 - 2528 — 4520 27.28 Nip 43Fe0.8101,71 =
CoFe,0, 2 Act. 1450 84 16 = 20.04 4591 29.88 C00.27F€0,6701.65 C00.30F€0.700
2 Hydr. 950 99 1.0 = 2027 4579 29.81 C0o.34F€0.8101 85 C0o.61F€0.350

& Mass percentage estimated by Rietveld method.
b Estimated by Vegard's law.
¢ Mass percentage calculated by XRF. Results normalised to 100%.
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identified in the XRD patterns after the hydrolysis steps,
indicating that the oxidation process has not been completed.

The exhaustive XRD analysis performed to metal ferrites,
with Cu and Co radiation, corroborates the results obtained by
SEM-EDX where the spinel and wustite phases are identified
and quantified in both, activation and hydrolysis steps.

XPS analysis has been used to distinguish the oxidation
state of the cations present on the surfaces. For iron, two
oxidation states could be expected in ferrites: Fe> at a binding
energy of 709.7 and Fe?*" at 711.0 eV. In our samples, the
binding energy of the Fe2p;, obtained has been 710.7 and
710.9 eV for nickel ferrite (Fig. 5) and cobalt ferrite (Fig. 6),
respectively, very close to the value of 711.0 eV reported for
Fe,03, confirming the predominance of Fe3* on the ferrite
surfaces.

Fig. 5 presents the XPS spectra of Fe 2p and Ni 2p in original
NiFe,O4 and after first and second activation and hydrolysis
steps. The 2p core photoelectron spectrum of the nickel
ferrite, shows intense shake-up satellites at a higher binding
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Fig. 5 — XPS spectra of Fe and Ni in original NiFe,0, and
after first activation step, first hydrolysis step, second
activation step and second hydrolysis step.
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Fig. 6 — XPS spectra of Fe 2p and Co 2p in original CoFe,0,
and after first hydrolysis step, fist hydrolysis step, second
activation step and second activation step.

energy (+6.3 eV) than the main photoelectron peak
(854.4—855.0 eV), confirming the presence of only Ni** on the
surface. As it can be observed, Fe spectra show a small shift to
lower binding energy after activation steps. However, after
hydrolysis steps Fe spectra are similar to the original one.
Consequently, NiFe,04 recovers its structure after thermo-
chemical cycles.

Fig. 6 shows XPS spectra of Fe 2p and Co 2p in original
CoFe,0, and after first and second activation and hydrolysis
steps. In this case, the spectra of Fe after hydrolysis steps
show a permanent shift to lower binding energy, and then itis
reasonable to think that CoFe,0, cannot recover its structure
completely after thermochemical cycles.

Water splitting cycles
Co and Ni ferrites are subjected to two thermochemical cycles

assays in a laboratory scale testing bench. The amounts of
oxygen and hydrogen per gram of ferrite released during
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Table 3 — Gases evolution and hydrolysis reaction yield

during two consecutives thermochemical cycles.

Ferrites Cycle mmol O,/g mmol Hy/g H,/0,

NiFe,04 i° 0.52 0.58 1.12
2° 0.46 0.50 1.09

CoFe,04 1° 0.58 0.83 1.43
2° 0.52 0.85 1.63

activation and hydrolysis steps, respectively, are estimated
from the numerical integration of the molar flow vs. time
curves obtained in each step of the cycle. These results
together with the ratio between them, which indicates the
hydrolysis reaction yield, are summarized in Table 3.

Both NiFe,0, and CoFe,0, ferrites present a higher amount
of oxygen released for the first cycle, owing to processes
related to the presence of oxygen absorbed on the sample
surfaces during their synthesis, which is released when
treating the samples to high temperature only during this first
cycle. Comparing both materials, synthesised CoFe,0, is able
to produce a larger amount of hydrogen per cycle than com-
mercial Ni ferrite.

The experimental H,/O, ratio (Table 3) has been considered
as an indicator for potential cyclability, since a production of
hydrogen closer to the stoichiometric amount (the stoichio-
metric ratio for the water splitting reaction is 2) means a
higher recovery of the original ferrite from the partially
reduced sample, which should lead to a higher activity to-
wards the next cycle. After two thermochemical cycles,
CoFe,0, shows better recovery than NiFe,0, since the H,/O,
ratio is closer to the stoichiometric ratio. This behaviour
partially disagrees with XRD results, where peaks ascribed to
wustite phase are observed after the second hydrolysis step.
However, Rietveld refinement estimates that mass percentage
of wustite phase is as low as 1% (Table 2). In addition, in
previous studies carried out in our group, where the cyclability
of both ferrites was evaluated [29], it was concluded that Ni
powder samples shown the best behaviour in terms of
hydrogen production after ten cycles, because the amount of
wustite phase in Co ferrite increased after each cycle.

Conclusions

Commercial Ni and synthetic Co ferrites have been subjected
to two water splitting cycles. The solid products obtained after
each step of the two cycles have been chemically and struc-
turally characterized by different techniques in order to get a
deeper understanding of the reaction mechanism of this
process.

XRD (including Rietveld analysis), XPS and elemental
mappings of Ni and Co show beside the spinel phase corre-
sponding to the original ferrite, the presence of a new wustite
phase of the type, Me; xFexO (where Me = Ni or Co) after the
second activation step due to the partial reduction of the
spinel ferrites. After the hydrolysis step, a homogeneous dis-
tribution through the sample of Fe and Ni or Co is observed.
However, the total recovery of the original spinel ferrite is only
demonstrated for Ni ferrite. Considering all these results, it

could be deduced that the third reaction mechanism proposed
for the activation step (Ec. 4) would be the most appropriate to
describe the process that takes place in the thermochemical
cycles for Co and Ni ferrites, where a sintered solid solution of
the type Me;.xFexO, where Me = Ni or Co, would be formed.

Evaluation of the ability of Ni and Co ferrites for producing
hydrogen by water splitting during two thermochemical cy-
cles determines that Co ferrite is able to produce a higher
amount of hydrogen than Ni ferrite. In addition, H,/O, ratio
during these two cycles is higher for Co ferrites. However as it
was previously reported, it was proved that after ten cycles
the efficiency of Co ferrites is lower than Ni ferrites because of
the enrichment of Co ferrites in wustite phase, which in turn
implies the uncomplete recovery of the spinel phase
throughout the cycles, as it was deduced from XRD and XPS
results.

This exhaustive study of each step of Ni and Co ferrite
thermochemical cycles for hydrogen production has provided
a better understanding of the reaction mechanism involved in
these cycles. This knowledge contributes to improve the
process involved in thermochemical cycles and thus be able to
increase the total amount of oxygen and hydrogen generated.

In addition, this in-depth study has contributed to under-
stand the lower efficiencies (H,/O,) for Co ferrite thermo-
chemical cycles in comparison to those corresponding to Ni
ferrite after 10 consecutive cycles.
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