A Study of Ce,Fe;_,O, as a Reducible Oxide for the
Thermal Hydrogen Production from Water

Salem Al-Taweel, M. A. Nadeem, and Hicham Idriss*

Thermal water splitting over 1550 °C-reduced CeO, and Ceg gsFeg 050, 5 is
studied. Hydrogen production over Ce gsFeg 050, 5 Was found to be equal to
2.53 x 10 *mol(H,) g ;. which is higher than that observed on CeO,. The
reaction kinetics for Ceg osFeg 050,_5 is also found to be faster. The oxides
are studied by X-ray diffraction, temperature programmed reduction, and
scanning transmission electron microscopy (STEM). XRD results show that Fe is
substituted for Ce*" in the as prepared oxides. Fe*" cations substitution also
decreases the CeO, crystallites size. Heating to 1100 °C increases their size,
although the Fe-containing oxide still shows smaller crystallites when compared
with CeO, alone. The activation energy for surface reduction of CeO,, extracted
from TPR, is found to be slightly higher (1.58 eV) than that of bulk reduction
(1.43 eV). While high resolution TEM and electron energy loss spectroscopy
before reaction show that Fe cations are homogenously distributed, those
after reaction show in addition to the growth of the crystallites size, Fe segre-
gation to the edges of the crystals, although no detachment of Fe oxide particles
is seen. The mechanism of water dissociative adsorption and hydrogen
re-combinative desorption is discussed in which the role of Ce—~O-Fe sites is

material is exposed to water vapor, typically
a few hundred degrees lower in tempera
tures. In this second step, the reduced
oxide is oxidized back and molecular
hydrogen is released. In other words,
molecular hydrogen and oxygen are
produced separately. The following two
simplified equations present the two steps.

MO, — MO,_;+ /20, (1)
MO,_; + 6H,0 — MO, + §H, 2)

where M is a metal cation such as Ce*"
cation, x is for the compound stoichiometry
(2 in the case of CeO,) and 6 < x (typically a
small fraction of x).

The fact that it uses the entire solar spec
trum puts it among the highest systems for
hydrogen generation from water if not the
highest.! Many cycles® have theoretical
efficiencies >40% and while it is still in

considered.

1. Introduction

Solar thermal hydrogen production from water (often called
thermochemical water splitting [TCWS]) using reducible oxides
has been studied for a few decades.'® The principle relies on
two sets of reactions. The first one is an endothermic reaction
where an oxide in a binary or multiple phases is reduced at a
high temperature in inert environment releasing molecular oxy
gen. Temperatures as high as 1500 °C are typically needed. The
second one is an exothermic reaction in which the reduced oxide
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the research phase, it has a potential to be
constructed at large scale for practical uses.
A few systems are commonly investi
gated, these include perovskites based,®”
hercynites,®”) and fluorite based oxides.'>'") Among the most
studied fluorite base oxides is CeO, because of its fast kinetics™?
in addition to its stability during the redox cycles.l'*! Yet, the high
temperature required for its partial reduction (mostly, but not
totally, because of the high energy for the “oxygen vacancy forma
tion”, typically above 3 eVI") makes it unpractical.*® This has
motivated many researchers to modify its properties to destabilize
the Ce—O bonds and therefore decrease the formation energy of
oxygen vacancies.'® Three methods are often used to do this.
1) Compensation for lattice expansion, where a fraction of
Ce*" cations is substituted by a smaller size M** such as Zr*"
cations.!'”! 2) Charge transfer where a fraction of Ce*" cations
is substituted by a metal cation that can donate electrons and
in the process becomes more oxidized such as U*" cations.®!
3) Aliovalent doping, where also a fraction of Ce*" cations is
replaced by metal cations; often in a lower oxidation state than
+4, this results in the decrease in oxygen concentration in the
lattice and consequently creating “noncharged” oxygen vacancies
in the fluorite structure.*® While this does not cause additional
reduction, it can cause enough distortion to change the energetics
of the redox system favorably.[?”

Among the aliovalent systems, making a solid solution of
CeO, that contains Fe*™ has been studied in some details.
In one of these works it was found that substituting a fraction
of Ce** by Fe>" cations in CeO, led to a decrease in the activation



energy for the selective catalytic reduction reaction of NO by
half.*"! This seems to have resulted from the formation of a
distorted Fe—O—Ce structure. Density functional theory (DFT)
calculation and titration via pyridine adsorption indicated that
this Fe—O—Ce structure has increased the number of Lewis acid
sites as well as the charge density around Ce*" cations when
compared with those of pure CeO,. The authors also found that
their formation mechanism is related to the Fe content. Low Fe
fraction (x < 0.3) kept the fluorite structure (solid solution) via a
vacancy compensation mechanism, leading to an increase in oxy
gen vacancies which, in turn, increased the catalytic perfor
mance. Other work has shown that the X ray photoelectron
spectroscopy (XPS) Ce3d lines of Ce cations have considerable
Ce®" presence at ~885 and 904 eV (V' and U’ lines) upon the
introduction of Fe** cations into the lattice of CeqgFeq,0,2%
(x=2 &, where § is deviation from stoichiometry) or up to when
Ce and Fe are of equal proportions.’!

The incorporation of Fe*" cations into the fluorite structure of
CeO, has also been studied by X ray diffraction (XRD) among
other methods. Crystalline CeO, gives rise to strong lines at
20=28.5°, 33.0°, 47.5°, and 56.4° for the (111), (200), (220),
and (311), respectively, whose positions and full width half max
imum (FWHM) being sensitive to its crystallite dimension and
degree of crystallinity. Hematite Fe,O; gives lines at 26 = 33.3°,
35.7°, and 62.3° for the (104), (110), and (214) lines. Because
Fe’" (0.6 A) ions are much smaller than Ce** ions (1 A in octa
hedral coordination), their incorporation into the lattice can be
monitored mostly by a positive shift of 26 which is often associ
ated with a broadening of the lines due to the formation of
smaller crystallites.[24] Therefore, both the shift and the absence
of Fe,0s lines are often taken as a strong indication of the pres
ence of a solid solution. Depending on the preparation method,
this is found up to about 0.3 0.4 atomic ratio Fe*"/Ce*"
cations.'”~*!

The increased reduction of CeO, was also studied by
temperature programmed reduction (TPR) by others. Pure CeO,
is reduced in two temperature domains at about 500 and
800 °C.**) The first has been attributed to surface reduction while
the second to bulk reduction. The reduction is weak (leads to the
removal of a small fraction of oxygen anions typically 10% 20%)
and the formation of Ce*" cations within the investigated tem
peratures in TPR (typically up to 1000 °C). Pure Fe, O3 is reduced
largely to metallic Fe with a single dominant peak corresponding
to bulk reduction. The incorporation of Fe cations into CeO,
increases the reduction process (increased hydrogen consump
tion during TPR) together with decreasing the reduction temper
ature, in particular that of the first peak of CeO, which is often
split into multiple ones. Only few thermogravimetric analysis
(TGA) experiments of doped CeO, with Fe cations were
conducted. In a one particular study devoted to the effect of dop
ing CeO, with metal cations, it was found that the incorporation
of Fe*" increased the mass loss of CeO, (due to reduction).
In this case for CepoFep10; 5 50.0pmol of O, g;éterial was
removed at each cycle during ten thermochemical cycles in
which the thermal reduction step was performed at 1400 °C.
These were active sites because nearly stoichiometric CO produc
tion (by CO, reduction) 96.3 pmolg -cycle at 1000°C!**
was seen.

-1
material

TCWS is still in the research phase with only limited demon
strations available. The main issue is the very high temperature
needed requiring expensive solar concentrators and associated
reactor materials and the stability of the oxide (or mixed oxides)
used to withstand the thermochemical cycles.!*”!

In this work, we have investigated the redox properties of
CeO, alone and when doped with Fe*" with a 0.05 and 0.25
stoichiometric ratios with respect to Ce*" cations mostly by
TPR, XRD, and transmission electron microscopy (TEM) in addi
tion to water splitting.

2. Results
2.1. XRD

Figure 1 shows the XRD patterns of CeO,, CeggsFeg050,, and
Ceo.7sFep 50, oxides that were heated at the indicated
temperatures.

A typical diffraction pattern of CeO, with nano size dimension
is seen for the “as prepared” oxide, with size of about 14 nm and
lattice parameter (a) of 0.543 nm (Figure 1A). Heating does not
induce much changes in both parameters up to about 900 °C,
where an abrupt change occurs. At this temperature the crystal
lite size (L) considerably increased (sintering) together with an
increase in the cubic lattice parameter (a) (due to bulk reduction).
This has occurred twice, at 900 °C where L increased to 39.4 nm
and a to 0.545nm and at 1100 °C where L doubled to 80.2 nm
and a further expansion of a (0.546 nm) is noted. In the case
of Ce;_,Fe,O,, data suggest that the addition of Fe to CeO, is
substitutional because no other diffraction lines attributed to
Fe, 03 were seen up to 900 °C or so. The crystallite size decreased
considerably, more so in the case of Ceg,sFep,50, than
CeposFeg 050, where L decreased to about 6nm. Also, a
decreased when compared with that of CeO, (0.540nm).
There is a gradual increase in 20 which is also an evidence of
incorporation of Fe’" into the fluorite lattice upon substitution
of Ce**. Overall, a similar behavior to CeO, with respect to tem
perature is seen in the case of Ce; ,Fe, O, albeit with one notice
able difference. A gradual and not abrupt lattice expansion is
noted in both Fe containing oxides. Itis, however, clear that some
segregation occurred at 1100 °C because diffraction lines corre
sponding to Fe,O3 (110) and (003) were observed. Table 1 com
pares the parameters of the three oxides at 500 and 1100 °C.

2.2. TPR

Figure 2 shows TPR of the as prepared CeO, that has been
calcined at different temperatures. The Brunauer Emmett

Teller (BET) surface area is indicated on the left hand side while
the hydrogen consumption is indicated closer to the observed
peaks. CeO, calcined at 500 °C showed two domains with a total
hydrogen consumption of 19.2mLg '. Increasing the calcina
tion temperature by 30°C resulted in a decrease in the ratio
of the two peaks in favor of the high temperature one, while
the overall hydrogen consumption remained similar. Further
increasing the calcination temperature decreased the first peak.
The first peak has completely disappeared for the 700 °C calcined
sample (and still the total amount of hydrogen consumed is equal
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Figure 1. A) XRD patterns of as prepared CeO, in the 10 90° range together with the extracted crystallite size and cubic parameter from the (111) lines,
the inset in the XRD pattern is a zoom on the (111) diffraction line to highlight the shift in angle and narrowing of the FWHM with increasing temperature
in ambient environment. Similar results for B) CeggsFe 050, and C) Ceg z5Feq 250, oxides.

to that of the sample calcined at 500 °C). Higher calcination tem
peratures (not shown) were also studied up to 900 °C and all
showed one peak in the 800 900°C temperature domain at

the ramping rate of 10°Cmin~

!, The disappearance of the first

peak together with the considerable decrease in the BET surface
area and the constant consumption (within analytical errors of
peak computation) all point out to the attribution of the first peak
to surface reduction and the second one to that of bulk reduction.



Table 1. Crystallite size and cubic lattice dimension for CeO, and
Cey ,FeO; at 500 and 1100 °C. Data extracted from Figure 1.

Oxide 20 CeO,  Crystallite Cubic lattice Crystallite Cubic lattice
(117), degree  size at parameter size at parameter
at500°C  500°C  at500°C  1100°c ~ at1100°C
[nm] [nm] [nm] [nm]
CeO, 28.46 14 0.543 80.2 0.545
Cep 95Feg 0502 28.68 9.5 0.540 73.6 0.542
Ceg 75Feg 250, 28.34 6.5 0.540 61.3 0.544
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Figure 2. TPR of polycrystalline CeO, that was prior calcined at the indi
cated temperatures (from 500 to 700°C). The normalized BET surface
area and amount of consumed hydrogen (in cm?®g_! ) are also indicated.

Note the gradual disappearance of the first peak with increasing calcina
tion temperature.

An estimation of the surface reduction can be made from the
BET surface area knowing that the CeO, surface is predomi
nantly (111) which is oxygen terminated® and that in 1 m* there
is about 1 x 10" atoms of oxygen (or ~1.2 x 10*° atoms for the
12m?g™" of CeO,). The TPR of the 500°C calcined CeO,
resulted in the consumption of ~1.6 x 10*° molecules of hydro
gen for the first peak. In other words it appears that all surface
oxygen atoms were removed. Form the total amount of hydrogen
consumed one can have an estimation of the O to Ce ratio upon
H, reduction during TPR; it was found to be CeO; gs.

To gauge the energy needed to remove these oxygen atoms
during TPR, one can calculate the activation energy for each
peak. This can be conducted by changing the ramping rate
and applying the two methods indicated in the experimental
section. The data are shown in Figure 3. Both methods
(Redhead and Kissinger) gave similar activation energies for
reduction. The surface reduction had an activation energy of
150 160k] mol™" (~1.6 V), while the bulk reduction was found
slightly smaller (135 145 kj mol ' [~1.45 eV]). For comparison,
the computed (using DFT + U, =5€V) oxygen vacancy
formation energy for reduction of CeO,(111) was conducted
by others.”” A similar trend has been found, a slightly higher
energy for surface reduction than that of bulk reduction (Table 2).

TPR of CeO, calcined at 500 °C at different ramping rates
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Figure 3. TPR of polycrystalline CeO, calcined at 500 °C at ramping tem
peratures, f3, equal to 10, 15, 20, and 25 °C min 1. The insets show the plot
of Ln /T2 as a function of 1/T where T,, is the maximum peak tempera
ture (using Equation (2), as indicated in the Experimental Section).

Next, TPR of Ce;_,Fe,O, together with that of Fe,O; was con
ducted (Figure 4). The four profiles are plotted as monitored
without multiplication but with offset for clarity. The amount
of oxide used is given on the left side of each profile and the total
amount of consumed hydrogen is given on the right side. The
stoichiometry of the oxides, based on their formulae units, is
given next to each line. The table in the inset presents the stoi
chiometry based on hydrogen consumption (loss of oxygen) as
extracted from TPR. Fe,0; is expected to be completely reduced
to metallic iron. The theoretical amount of hydrogen to reduce it
(=420 mL g™ ") is about 80% of that observed (Fe,03+ 3 H, —
2 Fe 4 3 H,0), while close it indicates that experimental errors of
20% or so are to be taken in consideration for the other oxides.
The results of the mixed oxides can be qualitatively explained
based on those obtained from the pure ones. The two peaks
of CeO, that are labeled I and II represent surface and bulk
reductions, as presented earlier. Based on XRD (and TEM later)
results, the addition of Fe to CeQ, is substitutional and resulted
in decreasing the crystallite size. The decrease in crystallite size
would, in turn, result in increasing the surface to bulk ratio
which explains the increase in peak I compared with peak II ratio
in the CeFe oxides. Peak III is that of pure Fe,Os; because it is
also present in the case of Ceg y5Feq 250, 5some Fe cations may
have segregated out of the fluorite structure. The increase in peak
1T of CeFe oxides compared with CeO, alone might be due to the
ease of bulk reduction due to the presence of Fe cations inside
the fluorite structure.

Table 2. Activation energy for surface and bulk reduction extracted from
TPR experiments.

CeO, Experimental Experimental Computation (DFT + U)
Redhead®! Kissinger!?®! CeO,(111)—unstrained
[eV] [eV] [eV]
Surface [eV] 1.65 1.58 2.1
Bulk [eV] 1.52 1.43 1.9
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Figure 4. TPR of CeO,, Cepg5Fe.0502 5, Ceo.75F€0.02502 5 and Fe,O3. All
oxides were precalcined at 500 °C. The computed values of 2§ are given
beside each line in the formulae units. The inset rectangle has the com
puted formulae units based on the oxygen loss during TPR. The amount of
hydrogen used to fully reduce Fe,O3 to Fe gives an indication on the
errors, about 20%. The highlighted regions | and Il are those of surface
and bulk reduction of CeO, while region Il is that of bulk reduction of
Fe,O;. The first peak in the TPR of Fe,O; might be due to surface
reduction.

2.3. TEM

Figure 5 shows the TEM, selected area electron diffraction
pattern (SAED), and energy dispersive Xray (EDX) of
Ceg.o5Feg 050,25 and Ceg 75Feg 0250, results that were calcined
at 500 °C. Both present the fluorite structure of CeO,; no Fe,03
phase was seen. The d spacing of the fluorite structure shows a
slight decrease in the case of Ceq 7sFeg 0250,_5 when compared
with CegosFep0s02_s which also matches the polycrystalline
XRD data (Figure 1). Therefore, both microscopic and macro
scopic diffraction methods indicate that the crystallite size of
CeO, decreases with Fe substitution. From TEM the average
crystallite size of CegogsFep 050, 5 is 8 10nm, while that of
Ceo75F€0.02502_5 is 5 7nm. Decreasing the crystallite size
means that the surface energy has decreased (more stable) when
compared with that of CeO,. EDX shows the presence of Fe in
both mixed oxides with an intensity tracking the expected
concentration.

2.4. Thermal Water Splitting

Figure 6 shows the activity of reduced CeO, and reduced
Ceg.9sFe 050, 5 for thermal water splitting at 1200 °C, while
Figure 7 shows the STEM, EDX, and electron energy loss spec
troscopy (EELS) results of the CegosFeq 05O, s oxide after the
reaction. The oxides were heated to 1550 °C for 120 min. The
incorporation of Fe (Fe/Ce=0.05) into CeO, has resulted in
two main effects. The kinetic of the hydrogen production has
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Figure 5. TEM, SAED, and EDX of Ceg g5Feg.0s02 5and Ceg 75Fep 02502 5 that were calcined at 500 °C. The values in the table in the middle are extracted
from the SAED in the inset of the TEM images and ring numbers start with the center of the concentric circles (the bright spot of each inset).
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Figure 7. STEM, EDX, and EELS of Ceg g5Fep.0s0, 5 after the reaction presented in Figure 6. A,B) One particle and C,D) another particle. D) An elemental
EELS map of the particle in (C). E) The numbers 1 4 are those labeled in (B). While clear segregation of iron to the edges of CeO, is seen, some iron is
still present (EDX) within the crystallite (also note the presence of FeO, on the large CeO; crystallite in C). The crystallite size as observed with TEM is
close to 1 pm (an increase in almost 200 times when compared with that calcined at 500 °C). Yellow for cerium, blue of iron, and red for oxygen atoms.
Based on elemental mapping, it seems that FeO, is highly deficient in oxygen.



increased and the total amount has almost doubled (per unit
weight of oxide). This is in line with the expected results because
most studies including this one have pointed out to an increased
reduction of CeO, due to the presence of Fe cations (up to a
threshold level).l'>?%) The FWHM of the production peak
decreased from 35 to about 10 min (Figure 6A,B) which gives
a simple observation on the kinetic effect. To further see the
effect of Fe on the reduction kinetics, the decay part of the peaks
was fitted with an exponential decay function. Attempts with a
single exponential decay fit were not successful, yet a double
exponential fit was found to be perfect with R®> of 0.999.
Table 3 shows the different parameters of the decay for both
oxides. The addition of Fe has increased the time constant
(in min™") for water splitting by a factor of 2 when compared with
CeO, alone. However, increasing the number of reduced sites, in
principle, should not reduce the decay time but mostly affect the
amplitude (prefactors A; and A,) if these sites are all of similar
nature and do not interact with each other. The increase in the
time constant by afactor of two in the case of the Fe doped
Ce0, indicates that the reduced sites are more reactive than those
of CeO, alone (see further discussion later). The ratio t/t,
(or 7,/7;) was found to be almost the same for both oxides. It
is not simple to attribute a separate physical meaning to both decay
constants. While, as shown in Figure 7, the used oxide is not
homogenous (Fe oxide segregation occurs) because the ratio of
the time constants is the same for the pure CeO,, it is tempting
to attribute the slowest (t,) decay to events requiring more (or addi
tional) energy than the first one; such as defects diffusion from the
bulk to the surface (or vice versa). Initially, defects are statistically
distributed in the bulk and on the surface, and then with the prog
ress of the reaction more and more defects are healed; this will
decrease the reaction rate because a defect site (or a bulk oxygen
atom) would need to travel longer distance to reach the surface.
In other words, the first decay might be largely independent from
the defects distribution while the second decay would be.

The activation energy for oxygen diffusion in CeO, is typically
a small fraction from that needed to reduce it (about 10% or so or
0.3 eV).2% It is worth indicating that in the process of oxidation of
the reduced CeO, with water vapor two important chemical steps
occur. These are water dissociative adsorption and oxygen anions
diffusion from the surface to the bulk (or defects diffusion from
the bulk to the surface). The first one is different on a stoichio
metric surface when compared with defected ones and therefore
their kinetic effect on the reaction is expected to be different. It
has been found computationally that water dissociative adsorp
tion over reduced CeO, has a stronger energy than that on stoi
chiometric surface.”! As shown in Figure 7, the particles have
considerably sintered during the reduction process so intrapar
ticle pore diffusion of water molecules can be neglected. Although
the considerable increase in the volume to surface ratio upon sin
tering makes the process mostly bulk driven (as the majority of the

oxygen defects would be located in the bulk), the reaction would
still be surface driven first if the adsorption of water is a limiting
step. While a fraction of Fe oxides has segregated out, there is still
some Fe inside as seen by EDX and EELS (Figure 7). It is therefore
also possible that, in some locations, the interface has the needed
gradient concentration of Fe cations to positively affect the reaction
rate when compared with pure CeO,.

The three following equations summarize the main reactions
that occur during water oxidation. Strictly, large crystallites of
CeO, are (111) O terminated and in the fluorite structure and
these terminated oxygen anions are bonded to three Ce cations
in the second layer, yet for the sake of simplicity it is easier to
write them as (Ce—O—Ce) bearing in mind that they are not
in the same plane.

2.5. Reaction Steps

2.5.1. Electron Transfer Reaction

Water dissociative adsorption on surface oxygen defect followed
by oxidation.

C e4+

3)

V¥ is for a surface oxygen defect and Ce*" is for a reduced
cation in the second layer of the (111) terminated surface.

H,0 + [Ce3* Ce? — H, + Ce** 0%

* ] surface

Vo

2.5.2. Acid Base Interaction

Water dissociative adsorption over a stoichiometric sites (note
that there is no charge transfer)

HZO + [Ce4+ 027 Ce4+}surface 4
— Ce**("OH) O0* (H') Ce** “
2.5.3. Diffusion

Surface oxygen diffusion into the bulk (or defect diffusion into
the surface) driven by heat and water dissociative adsorption
(Equation (3) and (4)).

[Ce* O

— [Ce3+

Ce4+] surface + [CCH VbO

VSO Cesﬂ surface + [Ce4+

Ce3+]bulk

0> Ce™|pu

VP is bulk oxygen defect.

The two protons in Equation (4) (of the two surface hydroxyls)
become one molecule of hydrogen upon the reaction with two
electrons from Equation (5).

Table 3. Fitting parameters for the decay part of the hydrogen production profile (at 1200 °C) from water as a function of time of the prereduced oxides at

1550°C. The time constant ¢

1/t. A double exponential decay equation was used y

A1e—x/t1 _,’_Aze—x/tZ.

Oxide A, [molmL ] t; [min] 7 [min A, [molmL '] t, [min] 7 [min ] t/t,
CeO, 7.3x10 7 22.54+0.2 0.044 9.7x10 ® 108.8+2.9 0.009 0.21
Ceo osFeg 0502 12%x10 © 10.7 £ 0.06 0.093 13%x10 7 473406 0.021 0.23




It is possible that the substitution of a fraction of Ce cations by
Fe cations on the surface and in the bulk affects Equations (3)
and (5). Equation (4) is a simple acid base exchange reaction that
would be less affected by the change in the nature of a metal
cation. Although it can be affected by the degree of coordina
tion*? (such as in different surface structures), this is neglected
here because of the small energy difference. Based on the results
shown in Figure 6, the concentration of Vg has increased in the
presence of Fe cations and this affects primarily Equation (1).
However, the faster kinetics indicate that the dissociative adsorp
tion of water on oxygen vacancy sites is also accelerated when Fe
cations are present. Therefore, for doped CeO, Equation (6) bellow
is expected to be faster than Equation (3) if at least the dissociative
adsorption energy is higher on Fe—V*5—Ce when compared with
Ce—V*o—Ce centers. It is also important to point out that recent
computation and experimental studies have also pointed out to the
role of H, formation as the rate limiting step of the reaction.*”

Fe3+

(0)

H,0 + [Ce*t V5, Fe? — H, + Ce** 0%

* ] surface

3. Conclusions

The thermochemical water splitting at 1200 °C over reduced
CeO, and CeggsFeg 950, 5 (at 1550 °C) has been investigated.
These oxides were synthesized by the coprecipitation method
and mostly analyzed by XRD, TPR, and HRTEM (STEM). Fe cat
ions substituted for Ce cations for the CegosFegos0,_s and
Cep75Fep 250, 5 0.05 in the as prepared oxides, calcined at
500 °C. Heating them increased their crystallite size reaching
about 100nm for CeO, at 1200°C (from ~15nm at 500 °C)
and 70nm for CegysFep,50, 5 at 1100°C (from ~6nm at
500°C). HR STEM and EELS for the as prepared catalysts (cal
cined at 500 °C) showed, in line with XRD results, that Fe cations
are homogenously distributed inside CeO,. After reaction both
CeO, and CejgsFe( 50,5 showed considerable growth of the
crystallites (reaching sizes close to 1 pm). Part of Fe cations seg
regated to the edges of the crystals, forming Fe oxides, although
no detachment from CeO, was seen. Hydrogen production
was found to be equal to 2.53 x 10~*mol(H,)g;},. on
Cep.o5Fe 05025 which was 1.8 times higher than that observed
on CeO,. The decay part of the production could be modelled by a
biexponential decay function. The time constants 7; and 7, for
Cep.9sFep 050, 5 were larger than for CeO,, indicating faster
kinetics, although their ratio (r,/7;) was found to be constant.
We attribute 7; to surface and near surface reaction and 7, to
bulk driven reaction. The activation energy, extracted from
TPR experiments, for surface reduction was found to be slightly
higher (1.58 eV) than that of bulk reduction (1.43 eV) using the
Kissinger method, which is in line with theoretically computed
results by others.*” A three step mechanism of the water reac
tion is discussed in which the dissociative adsorption, the bulk
diffusion of oxygen anions, and the hydrogen re combinative
desorption are discussed. While the results point out to the role
of Ce—O—Fe sites in improving the reaction kinetics, the consid
erable sintering after one cycle indicates that maintaining oxide
homogeneity is needed for long term stability.

4. Experimental Section

Synthesis: A series of cerium/iron oxides catalysts were synthesized
using the coprecipitation method to get the metal oxides. Cerium (III)
nitrate hexahydrate (Sigma Aldrich) was dissolved in deionized water
along with iron nitrate (Sigma Aldrich). Then ammonium hydroxide
was used as a precipitating agent; =50 mL of ammonium hydroxide
(70%) was added to the cerium/iron mixture while stirring vigorously until
the solution reached a pH of 9 10. The precipitate was then filtered and
washed using 2 L of deionized water until a neutral pH was obtained.
Afterward, the material was put in an oven at 100°C and left to dry for
2 h. The oxide/hydroxide was then crushed into a fine powder, and loaded
into a crucible and calcined in air at 500 °C for 12 h with a temperature
ramp of 15°Cmin '. A series of Ce,Fe; ,O, oxides were prepared with
x 0, 0.25, 0.75, 0.95, 1.0 (three of them are presented in this work).

The prepared oxides were characterized using XRD, TPR, TEM, and
TGA not shown, in addition to thermal water splitting for hydrogen
production.

XRD: XRD intensity data sets were collected using a PANalytical
EMPYREAN diffractometer in Bragg Brentano geometry fitted with a cop
per tube operating at 45kV and 40mA and a linear position sensitive
detector. The diffractometer was configured with a 0.25° diverging slit,
0.5° antiscattering slit, 2.3° soller slits, and a Ni filter. The data sets were
acquired in continuous scanning mode over the 26 range 10° 90°, using a
step interval of 0.01° and a counting time of 0.5 s per step.

TPR: TPR experiments were performed in a quartz tube coupled to a
TCD (AutoChem 2920, Micrometrics). All catalysts were purged with Ar for
1 h prior to the TPR experiments which were performed under constant
flow of 10vol% H, in Ar mixture at 10°C min ' of ramping rate and at
a flow rate of 50 mL min . The number of moles used to reduce the oxide
was calculated from the amount of H, consumed that was precalibrated
using Ag,O as a standard. The extraction of the activation energy for reduc
tion of CeO, was conducted via two methods, commonly referred to as the
Redhead®! and Kissinger®*! methods. The mathematical expressions of
both are shown in Equation (7) and (8).

E, Pu E,
{kBTJ In |:kBTp2:| +1n {AHE{'”} (Redhead) (7

E E df (a

In {Tisz} +1In {A—;] {RT;J + |n{ J;(a )] . (Kissinger)  (8)

TEM and EELS: Electron microscopy studies were performed using
Titan ST microscope (FEI company) operated at an accelerating voltage
of 300 kV equipped with a field emission electron gun, a 4k x 4k CCD
camera, a Gatan imaging filter (GIF), and Gatan microscopy suite
(GMS). The microscope was operated either in HRTEM (phase contrast)
or high angle annular dark field (HAADF) STEM mode (Z contrast) with
point to point resolution of ~0.12nm and the information limit of
~0.10nm in both cases. HRTEM and STEM beam focus were 100 and
1.0 nm, respectively. To prepare TEM sample grid for analysis, a few
mg of the oxide was dispersed in ethanol followed by ultrasonication
for 15 min. A drop of supernatant suspension was poured onto a holey
carbon coated Cu grid placed on a filter paper and allowed to dry. A double
tilt sample holder was used to facilitate the analysis. Sample particles sit
ting on holes were selected for analysis where possible. EDX analysis was
performed at 14° sample holder tilt angle to maximize the X rays collection
in STEM mode of operation. GIF allows spectrum imaging (SI) from data
collected in a synchronized STEM mode and EELS. STEM EELS was
obtained in the so called dual EELS mode which acquires low loss (signal
from valence electrons) and core loss (signal from core shell electrons)
EELS spectra simultaneously using a high speed electrostatic shutter.
The core loss EELS spectra provided the energy loss edges of Fe—L, 3,
Ce—M, 5, and O—K at the values of (721, 708), (901, 883), and 532eV,
respectively. The entire TEM data acquisition and its postprocessing anal
yses were carried using the GMS version 3.2 package.




Thermal Water Splitting Reaction: Because of the high temperature
used, additional care was considered in constructing and testing the reac
tor for the thermal water splitting experiments. The system consisted of a
Carbolite high temperature vertical tubular reactor type VST/1700 (up to
1700 °C) connected to a water bubbler and all lines were heated, using
electric tapes, to about 120 °C. Before starting the water splitting reaction,
the water container was purged with N; gas to remove any air bubbles out
of the system to the exhaust. Afterward, the complete system was fully
purged with N, gas multiple times. A pellet of the oxide (2 5g with
20 mm diameter) was placed in the middle of the tubular reactor (a 1.2m
alumina tube with 3 cm inner diameter). The total reaction consists of two
cycles. The first is where the catalyst sample is reduced, by increasing the
tube temperature to ~1550 °C under zero N, carrier. Once the oxide was
reduced, the temperature of the tube reactor is decreased to ~1200°C
before the second cycle started in which the N, gas (50 mLmin ') was
passed through the water container (kept at 80°C). A cold water trap
at the reactor exit was used prior to gas analysis. The H, and O, produc
tion amounts were measured using two gas chromatographs (the first
contains a packed Molecular Sieve 5A column, 2m long with an outer
diameter of 1/8 in., with He carrier gas for O, and the second contains
a packed Porapack Q, 2 m long with an outer diameter of 1/8 in., with N,
as a carrier gas for H,) with respect to time through the gas sampling
6 way valves. In the initial phase of the work, CeO, alone was used to
optimize the reaction conditions. A total of 17 runs were conducted in
which the amount of CeO, was changed, in addition to repeated runs with
the same loading. As observed by others, 13 marginal deviations from
run to run were noted and the production scaled with the amount of
CeO, used. For example, for a two consecutive runs of CeO, with a loading
of 4.2 g, the hydrogen production per g of CeO, was reproducible with an
error of £7%.
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