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Abstract A series of nanosized CeO,—Fe,03 mixed-oxide
nanocomposites with different Ce**/Fe** molar ratios
were successfully prepared by a co-precipitation technique.
The surface area increased with Fe,O3 content increasing
up to 60 wt% in the composite. However, with further
increase in Fe,Os; content, the surface area began to
decrease. The reduction processes of the CeO,—Fe,O3
nanocomposites were studied in a hydrogen atmosphere at
300-600 °C. The reduction rates increased by increasing
both the temperature and Fe,O5 content in the nanocom-
posites. The microstructure of the reduced composites at
500 °C illustrated the presence of a considerable number of
macro- and micro-pores. The activation energy values were
calculated which were in the range of 3.56-5.37 kJ-mol ™'
at the initial stages (up to 35% reduction) and
5.21-10.2 kJ-mol " at the final stages (up to 80% reduc-
tion) of reduction. The rate-controlling mechanisms in both
the initial and final reduction stages were determined, and
the initial reaction stage was controlled by combined gas-
eous diffusion and interfacial chemical reaction mecha-
nisms for all the composites except for pure CeO,, which
was controlled by a chemical reaction mechanism. The
final reaction stage was controlled by a gaseous diffusion
mechanism for some composites, while for the others it
was controlled by combined gaseous diffusion and inter-
facial chemical reaction mechanisms. The hydrogen

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s12598-019-01244-z) contains sup-
plementary material, which is available to authorized users.

S. G. Sayed, W. M. A. El Rouby, A. A. Farghali*

Materials Science and Nanotechnology Department, Faculty of
Postgraduate Studies for Advanced Science (PSAS), Beni-Suef
University, Beni Suef 62511, Egypt

e-mail: d_farghali@yahoo.com

@ Springer

sorption properties of the nanocomposites were studied by
pressure composition isotherms using a volumetric method.
Hydrogen storage in the nanocomposites increased by
increasing the temperature because of the formation of
oxygen vacancies which enhance atomic H adsorption and
function as strong adsorption sites forming more metal
hydride covalent bonds.

Keywords CeO,—Fe,03 nanocomposite; Reduction
kinetics; Reduction mechanism; Hydrogen storage;
Oxygen vacancies

1 Introduction

In the last years, binary oxide composite systems con-
taining the iron oxide and cerium oxide have attracted the
attention of the scientific community due to their wide-
spread applications in catalysis [1-4], water splitting [5],
photocatalysis [6-9], supercapacitors [8] and sensors for
toxic gases [1, 2, 10-12]. Moreover, metal oxide mixtures
have been demonstrated to be an effective strategy for a
stepwise course of reaction, where reduction of metal oxide
can accelerate the reduction rate of the other such as in
Fe,;03/NiO system. The formed metallic nickel accelerates
the reduction rate of iron oxide [13].

Gas—solid reactions are of great importance in material
processing operations, and the physical properties of the
solids play an important role in the manner in which these
reactions proceed with a great influence on the overall
kinetics. Many researchers [14-16] investigated the
reduction process of Fe,O; which has potential applica-
tions [17, 18] because of its environmental friendliness,
easy handling, low cost and non-toxicity [19]. The
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reduction of iron oxides was studied with different types of
reducing gases such as H, [20, 21], CO [22], CO-H,
mixtures [23] and CH4—H, gas mixtures [24]. It was found
that adding rare earth metals not only improved the quality
in metallurgy, but also enhanced the properties of the
product, thus opening new opportunities in numerous
applications [25].

CeO, is an essential rare earth metal oxide, which has
distinct redox properties and high electrical conductivity
[26], driving it to be applied in a wide range of applications
[8, 27-30], although CeO, has some disadvantages, such as
poor thermal stability and high sintering tendency, which
can decrease its catalytic behaviour [26]. Therefore,
researchers doped it with a series of metal oxides, i.e. CuO
[31], TiO, [32], Al,O3 [33] and CoO, [34], to promote its
structural stability and activity. Doping Fe,O3 with CeO,
increases the oxygen vacancy (OV) concentration to
achieve charge balance [35] and enhances the catalytic
property [36]. Moreover, Ce*" induced the formation of
structural defects in iron oxide, resulting in a smaller grain
size and higher surface area [36]. Also, doping Fe’" with
Ce*" reduces the sintering temperatures and facilitates
ceramic densification [37]. Many studies have reported the
behaviour of CeO, combined with Fe,O5 [38]; Janos et al.
[39] successfully prepared a new type of magnetically
separable composite consisting of maghemite grains and a
nanocrystalline cerium oxide surface layer (CeO,/y-
Fe,03), which functioned as a reactive sorbent to decom-
pose dangerous organophosphate compounds. Arena et al.
[40] studied the effects of Ce and Fe addition on the tex-
tural, structural and redox properties of MnO, systems.
Additionally, CeO,-supported Fe,O5 has been investigated
as a catalyst for ethanol conversion [41].

Various efforts have focused on the efficient develop-
ment of hydrogen storage materials. Materials used for
hydrogen storage must have unique properties, such as an
easy refuelling capability, compact form, easy and afford-
able production [42]. Unconventional techniques have been
used to improve hydrogen storage efficiency through the
application of nanoscale materials, supporting active
materials and redox-active metal oxides [43-45]. More-
over, Prabhukhot et al. [43] devoted considerable attention
to studying solid-state materials as hydrogen storage
materials for mobile applications due to their lightweight
and compact form. Transition metal hydrides are promising
for hydrogen storage [43], and furthermore, oxygen-de-
fective metal oxides have been shown to exhibit excellent
properties for storage applications [46]. The modification
of CeO, by Fe,Oj3 results in a significant enhancement of
the oxygen storage capacity of the mixed oxides due to the
formation of CeFeOs; after redox treatments [47].
Enhancement of the hydrogen storage and production
activity by the cerium addition for the Fe—Ce mixed oxides
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was studied by Zhu et al. [5], and it was found that the
maximum hydrogen storage amount was up to 1.51 wt%
for the Fe/Ce composite with a 30% substitution of Ce for
Fe at 750 °C. Various CeO,~Fe,O3; composites have been
used as oxygen storage materials in the chemical looping
process for CO, conversion [48]. And one of the most
interesting studies is the modification of CeO, by Fe,O3
which provides better oxygen storage capacity by forming
an intergranular interface between the two oxides, which
enhances the low-temperature reducibility of Fe,O5 [49].
The current study focuses on studying the reduction
behaviour of CeO,—Fe,O3; nanocomposites with different
Ce**/Fe* molar ratios at 300-600 °C in a H, atmosphere.
The morphological changes and kinetics data obtained
from the isothermal reduction process to elucidate the
reduction mechanism were reported. Additionally, the
effect of the various Ce/Fe molar ratios on the hydrogen
storage capacity at different temperatures was investigated.

2 Experimental
2.1 Preparation of CeO,—Fe,O5 samples

Nanocomposites of CeO,—Fe,O; samples with different
Ce**/Fe*™ molar ratios were prepared by a co-precipitation
method [50]. A mixed aqueous solution of cerium nitrate
(Ce(NO5);-6H,0) and ferric nitrate (Fe(NOz)5-9H,0) at
the given Ce**/Fe*™ molar ratio (Table 1) was heated in a
thermostatic water bath at 70 °C. Then, a 33% ammonia
solution was gradually added under continuous stirring.
After complete precipitation, the formed precipitate was
digested for 1-2 h at room temperature, followed by fil-
tration and washing with hot distilled water several times.
The product was then dried at 100 °C for 15 h. The
obtained material was ground to obtain a fine homogenous
powder. Subsequently, the fine powder was calcined in a
muffle furnace at 700 °C for 1 h with a heating rate of
10 °C-min~", then was left to gradually cool until safe to
handle. The prepared samples were labelled as CeO,,
0.8C602-O.2F6203, O.6C602-0.4F6203, O.4CCO2-O.6F6203,
0.2Ce0,-0.8Fe,05 and Fe,05 according to the Ce*t/Fe®™
molar ratio.

2.2 Characterization of prepared samples

The phases and crystallinities of the prepared samples were
characterized by X-ray diffractometer (XRD, D8 Advance,
Bruker, Germany) with Cu Ko radiation (wavelength of
A = 0.154045 nm) at an accelerating voltage of 40 kV and
current of 40 mA. The average crystallite sizes were cal-
culated using Scherrer’s formula as follows:
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Table 1 Crystallite sizes and lattice parameter of CeO, and Fe,Oj3 of different molar ratios

Samples Average crystallite size/nm Lattice parameter/nm
C602 F6203 a (CGOQ) a (F6203) Cc (Fezo';)
1 CeO, 27.6 - 0.541 - -
2 0.8Ce0, 0.2Fe,03 13.4 17.7 0.538 0.503 1.373
3 0.6Ce0, 0.4Fe,03 10.5 15.3 0.538 0.504 1.378
4 0.4Ce0; 0.6Fe,03 16.8 16.3 0.539 0.504 1.376
5 0.2Ce0, 0.8Fe 05 8.3 279 0.539 0.504 1.374
6 Fe,03 - 85.7 - 0.504 1.391
D =0.947/(B — B,) cos (1) 2 min at the reduction temperature, the N, gas flow was

where D is the crystallite size, 4 is the X-ray wavelength, f
is the diffraction peak broadening, f3; is the instrumental
broadening and 0 is the diffraction angle. The morpholo-
gies of the nanoparticles were observed using field emis-
sion scanning electron microscopy (FESEM, Gemini, Zeiss
Ultra 55) and transmission electron microscopy (TEM,
JEOL JEM-1230).

Zeta size distribution measurements were performed on
a Malvern (Malvern Instruments Ltd). The specific surface
area was calculated from N, adsorption—desorption iso-
therms measured by a TriStar II 3020 instrument (Mi-
cromeritics, USA) using the Brunauer—-Emmett-Teller
(BET) equation. The pore-size distributions were obtained
using the Barrett-Joyner—Halenda (BJH) method.

2.3 Reduction experiments

The prepared composite samples with equal weights of
~ 1.5g were pressed in a cylindrical mould at
1471 N-cm ™2 and calcined at 700 °C for 1 h in a muffle
furnace. The compacts were used for isothermal reduction
experiments using a thermogravimetric balance (PRE-
CISA-SWISS) equipped with a vertical tube furnace. The
reduction process was performed in the presence of a gas
purification system to obtain 99.99% pure hydrogen at
300-600 °C. For each reduction experiment, the furnace
was heated to the required reduction temperature, and then,
the sample was weighed and placed in a platinum wire
basket. The sample was then gradually introduced into the
furnace to avoid thermal shock cracking and positioned in
the middle of the constant hot zone of the furnace. First,
nitrogen at a flow rate of 60 ml-min~' was introduced.
(Preliminary reduction experiments showed that the most
suitable hydrogen flow rate required to ensure an adequate
supply of gas and overcome the gas boundary layer dif-
fusion resistance, thus avoiding gas starvation, was
~ 60 ml-min_l.) Then, after the sample was soaked for
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stopped, and the reducing gas (H,) at a flow rate of
60 ml-min~' was introduced. The weight loss resulting
from oxygen removal from the sample was recorded at
specific time intervals. At the end of the experiment, the
basket with the reduced sample compact was removed and
dropped into a conical flask containing acetone to prevent
pyrophoricity of the reduced sample. The structural chan-
ges accompanying the compact reduction were examined
by FESEM.

2.4 Hydrogen storage experiments

Hydrogen content determination was performed by mea-
suring pressure composition isotherms (PCIs) using a vol-
umetric method (direct uptake of gas by the material) using
an AMC PCI-HP 1200 equipment. The sorption measure-
ments were performed at different temperatures. The
temperature was controlled with a precision of £ 0.1 °C.
The accuracy of the hydrogen content measurement was
+ 0.04 wt%. To minimize contamination from air, the
composite powders were degassed at 200 °C for 1 h under
dynamic vacuum before the tests. PCIs were traced under
the above-mentioned conditions.

3 Results and discussion
3.1 Characterization of prepared samples

XRD patterns of the synthesized CeO,-Fe,O3; nanocom-
posite samples are shown in Fig. 1. The peaks of pure
CeO, were observed at 20 values of 28.5°, 33.06°, 47.49°,
56.37°, 59.04° and 69.21°, corresponding to the (111),
(200), (220), (311), (222) and (400) reflection planes of the
cubic fluorite structure (assigned by comparing to the
ICDD standard No. 75-0076). By gradually increasing
Fe ' content, the diffraction peak intensities corresponding
to ceria gradually decreased and completely disappeared in
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Fig. 1 XRD patterns of CeO,—Fe,O3 samples with different mole
ratios

the pure Fe,O5; sample, which showed diffraction peaks at
20 values of 24.12°, 33.13°, 35.6°, 40.8°, 49.4° and 54.07°,
corresponding to (012), (104), (110), (113), (024) and (116)
reflection planes of the hexagonal structure (assigned by
comparing to the ICDD standard No. 89-0598). The crys-
tallite sizes were calculated using Scherrer’s formula, as
tabulated in Table 1. The pure CeO, nanoparticles were
found to have an average crystallite size of 27.6 nm. By
increasing Fe’" molar ratio (0.8Fe:0.2Ce), the crystallite
size of the ceria particles gradually decreased to 8.3 nm.
The decreased ceria crystallite size is due to the interac-
tions with Fe,Os3, which hinders ceria grain growth and
induces the formation of smaller ceria crystallites [51]. In
addition, the average crystallite size of pure Fe,O; was
found to be 85.7 nm, and by increasing the ceria content in
the CeO,—Fe,0O; nanocomposite, the average Fe,O3
nanoparticle crystallite size gradually decreased to 17.7 nm
(molar ratio of 0.8Ce:0.2 Fe, Table 1).

The lattice parameter for CeO, cubic structure was
calculated using Eq. (2):
d=_— % 2)

VEIRTE

The lattice parameter for Fe,O5 hexagonal structure was
calculated using Eq. (3):
1 4/ +hk+k*\ P

(=)

a2 3 (3)

a? c?

where d is the lattice spacing, a and c¢ are the lattice
parameters and &, k and [ are the Miller indices. The lattice
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parameters for CeO, and Fe,O5 are reported in Table 1.
For Sample 2 (0.8CeO,—0.2Fe,03), the calculated a value
was 0.538 nm, which is slightly lower than that of
0.541 nm for Sample 1 (pure CeO,). Mixing Fe,O3; and
CeO, precursors led to a shift of the (111) diffraction plane
to a higher diffraction angle in the final product (Fig. 1).
The decreased unit cell parameter in the composite may be
attributed to the smaller size of the Fe™ cation radius
(0.064 nm) compared to that of Ce*™ cation (0.087 nm)
[41] or to OV formed [52]. For Fe,Oj3 lattice parameter,
increased a and c¢ values were observed in the nanocom-
posites with Fe contents increasing. The a value for iron
oxide increased from 0.503 to 0.504 nm, while the ¢ value
increased from 1.373 to 1.391 nm (Table 1); this increase
may be attributed to the reduction of Ce*t (0.097 nm) to
Ce™ (0.423 nm) [52].

The nanocomposite colour changes from yellow to dark
reddish brown with an increasing Fe,O5 content (Fig. S1 in
supporting information). TEM images of the prepared
samples are shown in Fig. 2a—c. Figure 2a shows that the
ceria nanoparticles were slightly agglomerated, and the
measured particle size was ~ 27 nm, which is in a good
agreement with XRD results. In the composite sample, the
number of particles clearly decreased and the particles
condensed together with grain boundaries between them
and particle sizes increased up to 29 nm, which support
XRD results, indicating that the combined samples have an
intermediate size between the pure oxides (Fig. 2b).
However, in the pure iron oxide sample (Fig. 2c), the
prepared nanoparticles were well dispersed possessing a
clear hexagonal structure (inset in Fig. 2c) with particle
sizes up to 100 nm. The size distribution diagram of the
prepared composites is shown in Fig. S2, indicating that the
particle size interval of the prepared samples was 570 nm
for pure Fe,03, 258 nm for pure CeO, and in the range of
150-220 nm for all the other composites, which means that
mixing of oxides decreases the average particle size of the
composite, in accordance with TEM results.

The surface morphologies of the prepared samples were
evaluated by SEM. The surface morphology changes of the
pure and doped samples are shown in Fig. 3a—f. Pure CeO,
possesses large uniform grains and few pores (Fig. 3a). By
incorporating Fe,O3 into CeO, in Sample 2 (0.8CeO,—
0.2Fe,03), the surface morphology changes to large pores
with clear grains (Fig. 3b). However, for Samples 3, 4 and
pure Fe,Oj3, the enhancement of slight surface roughness is
observed. Moreover, porosity and grain size increased due
to the decreasing CeO, mole ratio. CeO, has been reported
to help improving grains by reducing their size and dis-
tribution (Fig. 3c, d) [26]. The morphology of Sample 5
features large pores, high surface roughness and large
grains (Fig. 3e). Nanosized Fe,O; (Sample 6) possesses
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Fig. 2 TEM images of synthesized samples: a CeO,, b 0.6Ce0,-0.4Fe,05 and ¢ Fe,05 samples

b c
100 nm 10(21m

d e f
100 nm 100 nm IOO_nm

Fig. 3 SEM images of prepared samples: a CeO,, b 0.8Ce0,—0.2Fe,03, ¢ 0.6Ce0,-0.4Fe,03, d 0.4Ce0,—0.6Fe,03, e 0.2Ce0,—0.8Fe,05 and
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Fig. 4 a Nitrogen adsorption—desorption isotherms, b pore-size distribution and c relation between surface area, accumulative volume of pores
and accumulative surface area of pores against Fe,O3 content for the prepared CeO,—Fe,O5

large grains, smooth surface and intermediate-sized pores
(Fig. 3f).

The textural properties of the nanosized CeO,—Fe,O5
composites are represented in terms of surface area, pore
volume and pore-size distribution using the BJH method
(Fig. 4a—c and Table 2). The nitrogen adsorption—desorp-
tion isotherms of the prepared samples are shown in
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Fig. 4a. The adsorption isotherms exhibit type IV shapes
according to IUPAC classification. Small closed adsorp-
tion—desorption hysteresis loops with relative pressures
above 0.4 were observed, which is suggested to originate
from capillary condensation in the mesopores [53]. The
BET surface area of pure CeO, was 22.81 m*g~', with a
corresponding pore volume of 0.02 cm®.g~'. The average
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Table 2 Surface area, pore size and pore width values of CeO,—Fe,O5; samples

Samples BET surface area/ A cumulative surface area of pores/ A cumulative volume of pores/ Average pore width/
(m*g™") (m*g™") (em’g™h) nm
1 22.81 17.67 0.020 5.250
2 32.99 30.76 0.050 6.100
3 32.19 32.19 0.040 4.858
4 10.73 9.85 0.020 6.181
5 19.92 18.17 0.020 5.410
6 3.73 2.47 0.003 5.069

pore width was found to be 5.25 nm, indicating that the
sample is mesoporous. The incorporation of mole ratio
20% Fe,O; led to an increased surface area to
32.99 mz-g_l, which can be ascribed to structural defects
formed in iron oxide resulting in a small grain size and high
surface area [26, 36]. The corresponding pore volume was
0.05 cm®-g™", and the average pore width was 6.1 nm
(Table 2), indicating that the sample is mesoporous
(Fig. 2b). Figure 4c shows that the surface area of the
mixed oxides increased with Fe,O5; content increasing in
composite up to 60 mol%, after which the surface area
began to decrease. This decrease may be attributed to the
reduction of Ce** to Ce>*, which can reduce the structural
defects and thus reduce the grain size and surface area.
However, for pure Fe,O;, the surface area was
3.73 m*g~', which may be attributed to the large crys-
tallite size of pure Fe,Os (Table 1) and large grains, as
observed from SEM (Fig. 3e). The corresponding pore
volume and pore width of pure Fe,O5 were 0.003 cm>.g™"
and 5.069 nm, respectively (Table 2). As clearly observed
in Fig. 4c, all BET surface areas, pore volumes and porous
surface areas displayed the same trends with Fe,O; content
varying, which was attributed to each of these properties
being inversely proportional to the grain size.

3.2 Reduction of prepared samples

The CeO,-Fe,O3; compacts were isothermally reduced
under a dynamic H, flow at different temperatures ranging
from 300 to 600 °C. The reduction process was followed
by measuring the sample weight loss at varying reduction
times. The reduction per cent as a function of temperature
for each prepared sample is shown in Fig. Sa—f. The
reduction profiles reveal that a two-stage reduction process
occurs. For the initial stage, the surface (up to 35%
reduction) is characterized by a fast reduction rate, while
for the final stage (up to 80% reduction extent), the surface
and the bulk are characterized by a slower reduction rate,
which is in agreement with the basic principles of chemical
thermodynamics and  kinetics. ~With  temperature
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increasing, an increasing reduction rate was observed,
indicating that the reduction process was endothermic.

The reduction rate increased with Fe,Oz content
increasing (Fig. S3a—d) due to the lower energy required to
break Fe—O bonds than that is required to release oxygen
atoms from cerium. Moreover, OVs formed in the reducing
environment [46], which can accelerate the reduction
process. At 300 °C, pure CeO, did not completely reduce,
reaching an 82% reduction degree within 33 min. How-
ever, at 400 °C, the reduction degree reached 99.5% after
32 min. Moreover, upon raising the reduction temperature
to 500 °C and 600 °C, the CeO, compacts were completely
reduced within 20 and 19 min, respectively (Fig. 5a). The
reduction behaviour of the composite samples shows the
same general features, as observed in Fig. Sb-e. The
reduction rate increased with Fe,O3 content increasing. For
example, Sample 3 (0.6CeO,—0.4Fe,03) reached 99%
reduction within 33.5 min at 300 °C, while at 400 °C, 500
°C and 600 °C, the sample was completely reduced within
31.0, 17.5 and 12.8 min, respectively (Fig. 5c). For Sample
6, pure Fe,O3 (Fig. 5f), complete reduction (100%) was
observed at 300 °C, 400 °C, 500 °C and 600 °C within 33,
17, 11 and 10 min, respectively.

3.3 Reduction-rate-controlling mechanism

To illustrate the rate-controlling mechanisms at both the
initial (Fig. S4a-f) and final stages (Fig. S5a—f) of reduc-
tion, the apparent activation energy (E,) of reduction was
calculated from the Arrhenius equation:

ky = koe Ea/ReT (4)
where k; is the reaction rate constant, kg is the frequency
factor, R, is the gas constant and T is the absolute

temperature. k. can be derived from a rate equation of the
form:

dr/dr = kp" (5)

where p is the pressure of the reducing gas and n is the
reaction order.
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Table 3 Apparent activation energy values (E,) for pure and doped
compacts

Samples Initial E,/(kJ-mol™") Final E,/(kJ-mol™")
1 4.95 9.26

2 4.46 7.01

3 473 8.30

4 5.37 10.20

5 485 8.27

6 3.56 5.21
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The correlated logarithm of the reduction rate (dr/dr) for
the CeO,-Fe,O; compacts with the reciprocal of the
absolute temperature (1/7) is shown in Fig. 6a, b. From the
obtained results, the E, values were calculated at the initial
and final stages, as listed in Table 3. The E, values help
elucidating the type of mechanism. Moreover, mechanisms
based on the magnitude of the E, are not decisive but
indicative [54].

The grain model by Szekely et al. [55] was used to
analyze the experimental results. According to Szekely, for
the reduction of metal oxides in a H, atmosphere following
a first-order reaction, the chemical reaction control formula
is as follows:
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p(X) =1- (1-x)"/% (6)

where @(X) is the interfacial chemical reaction control
conversion factor and X is the decimal fractional reduction.
F, is the shape factor, which is 2 for cylinder-type
compacts. On the other hand, the gaseous diffusion
reaction control formula is:

g(X) =X+ (1 —X)In(1 —X) (7)

where g(X) is the gaseous diffusion reaction control
conversion factor. The combined interfacial chemical
reaction and gaseous diffusion control formula is:

X))y X 4+ (1= X)In(1 — X).
(8)

By applying the different equations derived from the
gas—solid reaction model, the following results were
obtained. For pure CeO, (Sample 1), the reduction initial
stage is controlled by a chemical reaction mechanism
(Fig. 7a) due to the textural nature of the surface of Sample
1, which contains a porous surface (Fig. 4c) and a high
surface area, pore volume and pore width. Pure CeO, has a
total surface area of 22.81 m*.g~"' and porous surface area
of 17.67 m*.g~" (Table 2), and therefore, H, gas can easily
diffuse through the oxide layer. However, in the final
reduction stage, the mechanism is controlled by gaseous
diffusion (Fig. S6a), which may be attributed to the pores
being surrounded by the oxide layer, hindering gas

@(X) +g(X) =1-(1

diffusion through the pores. The combined gaseous
diffusion and interfacial chemical reaction mechanisms
control the initial reduction stage for composites 0.8CeO,—
0.2Fe,03 and 0.2Ce0,-0.8Fe,05 containing highly porous
surfaces (Fig. 4c). These composites have very high
surface area parameters (Table 2), indicating that the
interfacial chemical reaction is the rate-controlling
mechanism for Samples 2 (Fig. 7b) and 5 (Fig. 7e). On
the other hand, the gaseous diffusion mechanism controls
the final stage (Fig. S6b, e), where the pores are filled with
a thick oxide layer, hindering H, diffusion and allowing
solid-state diffusion to serve as the prevailing mechanism
in the final stage.

For Samples 3, 4 and 6, the reduction mechanism is
controlled by a combined gaseous diffusion and interfacial
chemical reaction process for both the initial stage (Fig. 7c,
d, f) and final stage (Fig. S6c, d, f). For Sample 3, this
mechanistic control may be related to the high surface area,
pore volume, porous surface area (Fig. 4c) and the uniform
pore-size distribution (Fig. 4b), in addition to the low pore
width, which hinders H, gas penetrating the oxide film.
However, Samples 4 and 6 have low surface areas
(Table 2), which correspond to increased crystallite sizes
from grain growth, allowing hydrogen gas to slowly diffuse
and leading to a contribution from solid-state diffusion in
the rate-controlling process.

Figure 8a shows the microstructure of the reduced CeO,
compact at 500 °C, illustrating the presence of numerous
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Fig. 7 Application of different mechanisms at initial stages for reduced nanosized compacts at 300-600 °C: a CeO,, b 0.8CeO,—0.2Fe,03,
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Fig. 8 SEM images for pure and doped oxides reduced at 500 °C: a CeO,, b 0.8Ce0,-0.2Fe,03, ¢ 0.6Ce0,-0.4Fe,03, d 0.4Ce0,-0.6Fe,03,

(3 0.2C802—0.8F6203 and f F6203

macro- and micro-pores. Therefore, the material will have
no resistance to gaseous diffusion, and thus, only the
chemical reaction would be rate-controlling in the initial
stage. In the final stage, the dense CeO, matrix resists gas
diffusion, and therefore, the final stage is controlled by the
gaseous diffusion mechanism. For Samples 2 and 5
(Fig. 8b, e), the presence of some pores facilitates gaseous
diffusion, and the partial dense matrix hinders gaseous
diffusion; thus, the controlling mechanism is a combination
of gaseous diffusion and the interfacial chemical reaction
in the initial stage. On the other hand, in the final stage, the
gaseous diffusion resistance increases, and therefore, the
gaseous diffusion mechanism controls reduction. For
Samples 3, 4 and 6 (Fig. 8c, d, ), both the initial and final
reduction stages can be described by a combined gaseous
diffusion and interfacial chemical reaction mechanism, as
the composite surfaces are characterized by open pores and
dense matrices.

3.4 Hydrogen storage uptake of CeO,—Fe,O;
nanocomposites

The hydrogen sorption properties of the prepared CeO,—
Fe,O3; nanocomposites were studied using volumetric
methods, and the PCIs are displayed in Fig. 9a, b. A
comparison between the PCIs for CeO,-Fe,O3; nanocom-
posites at 25 and 100 °C is shown. At both 25 and 100 °C,
hydrogen adsorption increased at an increasing applied
hydrogen pressure. At 25°C (Fig. 9a), Sample 5
(0.2Ce0,—0.8Fe,03) displayed the highest hydrogen stor-
age capacity (1.02 wt%), followed by Sample 2 (0.8CeO,—
0.2Fe,03) and Sample 1 (CeO,), resulting from their high
surface areas (Table 2). On the other hand, metal hydride

@ Springer

formation depended on the surface structure and mor-
phology [43], while the reactivity of the CeO, surface was
closely related to OV formation [56]. OVs were mainly
formed from doping cerium oxide with iron oxide, result-
ing in structural defects. Moreover, atomic H adsorption
has been shown to increase on defect-free CeO,(111) as the
lattice strain increases [56]. In addition to H bonding to Fe
sites at OV-rich surface sites [57], tensile strain enhanced
surface OV formation more than compressive strain [56].
Therefore, we concluded that OV formation enhanced
atomic H adsorption, in agreement with the principle that
OVs function as strong adsorption sites [58]. The OV
concentration was greatly affected by the molar ratio of the
doped metal oxides [59], which can explain the increased
hydrogen storage capacity for Sample 5 (0.2CeO,—
0.8Fe,05), possessing the largest surface area. However,
OVs rearranged upon raising the temperature to 100 °C
(Fig. 9b), and OVs controlled the bonding site selectivity
[57], where metal hydride formation was affected by the
metal surface [43] and the rapid formation of OVs distorted
the crystal lattice [60]. Therefore, at 100 °C, Sample 4
(0.4Ce0,—0.6Fe,03) possesses the maximum number of
hydrogen adsorption sites and has the maximum hydrogen
adsorption capacity (2.3 wt%), followed by pure CeO,.
Notably, both Samples 3 (0.6Ce0,-0.4Fe,03) and 6 (pure
Fe;03) have the lowest hydrogen adsorption capacity at
high and low temperatures, respectively. These low
hydrogen adsorption capacities can be explained as fol-
lows: Sample 3 has a narrow pore width (4.858 nm), while
Sample 6 has the smallest surface area (3.73 mz-g_l) and a
small pore width (Fig. 4), thus decreasing the hydrogen
adsorption process on their surfaces. In general, the sam-
ples show obvious changes in their hydrogen storage
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Fig. 9 PCI curves of CeO,—Fe,03; nanocomposite samples at a 25 °C and b 100 °C

behaviour based on their OV concentrations at increased
temperature. The evident increase in the maximum
hydrogen storage capacity proved that the hydrogen uptake
of the samples increased at increasing temperature.

4 Conclusion

In this study, we reported the preparation of pure and doped
nanosized CeO,-Fe;O3; nanocomposites with different
Ce**/Fe*™ molar ratios by a co-precipitation technique.
Doped composites featured a higher specific surface area
and surface area of pores than pure oxides. Pure and mixed
nanosized CeO,-Fe,03; nanocomposites were used for
isothermal reduction using a H, atmosphere. The further
temperature increase led to the increase in the reduction
rates of the initial and final stages. The hydrogen storage
features of synthetic nanocomposites were evaluated to be
1.02 wt% and 2.3 wt% at room temperature and 100 °C,
respectively, which are beneficial for hydrogen storage
application.
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