ULRR

Foam-like Ce-Fe-0-based nanocomposites as catalytic
platforms for efficient hydrogen oxidation in air

ltem Type Article

Authors Son Cam, Thanh;0marov, Shamil;Trofimuk, Andrey;Lebedeyv,
Vasily;Panchuk, Vitaly;Semenov, Valentin;Nguyen, Anh-
Tien;Popkov, Vadim

Citation Journal of Science: Advanced Materials and Devices, 2023, 8 (3],
100596

Publisher Elsevier

Download date

2026-01-21 13:26:40

[tem License

https://creativecommons.org/licenses/by-nc-sa/4.0/

Link to Item

https://doi.org/10.34961/researchrepository-ul.24495109



https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.34961/researchrepository-ul.24495109

Journal of Science: Advanced Materials and Devices 8 (2023) 100596

Journal of Science: Advanced Materials and Devices

journal homepage: www.elsevier.com/locate/jsamd

Contents lists available at ScienceDirect

Original Article

Foam-like Ce—Fe—O-based nanocomposites as catalytic platforms for | g
efficient hydrogen oxidation in air ot

Thanh Son Cam # " *, Shamil Omarov €, Andrey Trofimuk €, Vasily Lebedev d
Vitaly Panchuk ¢, Valentin Semenov ¢, Anh Tien Nguyen , Vadim Popkov €

2 Institute of Fundamental and Applied Sciences, Duy Tan University, Ho Chi Minh City 700000, Vietnam
b Faculty of Environmental and Chemical Engineering, Duy Tan University, Da Nang 550000, Vietnam

¢ loffe Institute, Saint Petersburg 194021, Russia

d Bernal Institute, University of Limerick, Limerick V94 T9PX, Ireland
€ Institute of Chemistry, Saint Petersburg State University, Saint-Petersburg 198504, Russia
f Faculty of Chemistry, Ho Chi Minh City University of Education, Ho Chi Minh City 700000, Vietnam

ARTICLE INFO

Article history:

Received 18 February 2023
Received in revised form

5 June 2023

Accepted 16 June 2023
Available online 13 July 2023

Keywords:

Hydrogen catalytic oxidation
Cerium orthoferrite
Perovskite

CEOz—FEzO3

Solution combustion synthesis
Glycine-nitrate condition

ABSTRACT

Foam-like nanocomposites of the Ce—Fe—O system with two (c-CeO,, am-F,03), three (c-CeO,, 0-CeFeOs,
a-F»03), or four phases (c-CeO,, o-CeFeOs, a-F,03, am-Fe,03) were synthesized using the RedOx reaction
of glycine-nitrate combustion. The glycine/nitrate ratio (G/N) varied from deficient (0.2, 0.4) and stoi-
chiometric (0.6) to excess ratios of glycine (0.8, 1.0, 1.2, 1.4). PXRD, >’Fe Mossbauer spectroscopy, Na-
physisorption, TEM, H,-TPD, O,-TPD, and H;-TPR were used to examine the characteristics of the ob-
tained samples. The average crystallite size of the obtained composites was in the range of 1.3—31.3 nm,
33.4-50.7 nm, and 10.1-33.9 nm for c-CeO;, o-CeFeOs, and a-Fe,03, respectively. The lowest Spgr
(1.5 m?/g) belonged to the case of stoichiometric G/N, while the highest value (49.2 m?/g) was found in
the case of the highest amount of glycine (G/N = 1.4); the latter case also had the largest total pore
volume (V, = 0.182 cm?/g) when compared to the others. Moreover, the advanced catalytic performance
of foamy Ce—Fe—0-based nanocomposites toward H, combustion in air was found with t;o = 275 °C,
tso = 345 °C, and E; = 76.9 kJ/mol for sample G/N = 1.2. The higher activity of sample G/N = 1.2 in
catalysis was attributed to different properties of the composite, including an appropriate component
phase ratio, the smaller size of crystallites, higher specific surface area, higher reducibility,oxygen ca-
pacity, etc. The findings make it possible to carry out the directed synthesis of catalysts based on the Ce
—Fe—0 system with specific phases, dispersion, and morphological composition for efficient hydrogen

oxidation at moderate temperatures.
© 2023 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

below the explosion limits (18.3—59.0% in air) [4]. There are
numerous aspects to consider when designing procedures and

Hydrogen can enter an airflow from various sources, such as
hydrogen production equipment operations, hydrogen storage
warehouses, fuel element zones, battery charging, and hydrogen
refueling stations [1—3]. To avoid hydrogen explosions or fires in an
enclosed air space, it is crucial to keep hydrogen concentrations
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systems to prevent hydrogen-related accidents. One of these is the
catalytic method for hydrogen removal (i.e., oxidizing hydrogen to
form water) because of its dependability and simplicity in the
presence of surrounding oxygen.

When oxygen and hydrogen come into contact with the pre-
pared catalysts, the wanted reaction begins with an exothermic
process, as shown in Reaction 1 [1].

2H, + 0, — 2H,0 + 244.9 k]/mol (R. 1)

At high temperatures (t > 500 °C), in the absence of catalysts, the
oxidation of hydrogen to steam occurs normally in the presence of
oxygen. Catalysts are usually required during oxidation at lower

2468-2179/© 2023 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:camthanhson@duytan.edu.vn
mailto:camthanhson1108@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsamd.2023.100596&domain=pdf
www.sciencedirect.com/science/journal/24682179
http://www.elsevier.com/locate/jsamd
https://doi.org/10.1016/j.jsamd.2023.100596
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jsamd.2023.100596

T.S. Cam, S. Omarov, A. Trofimuk et al.

temperatures and/or in humid air. As is well known, metals from
the Pt-group are most often used among the diverse range of cat-
alysts for the oxidation of hydrogen [1,2,5]. However, due to the
scarcity of noble metals, high price, and sensitivity to sulfur
poisoning, experts are focusing their efforts on developing new
catalysts based on inexpensive metal oxides that have relatively
high catalytic operability and durability and especially perform at
low temperatures when dealing with hydrogen reactions.

A European patent application in 2014 [6] given by T.C. Golden
et al. pointed out a simple mechanism for carbon monoxide and
hydrogen removal using a copper/manganese-based catalyst
(hopcalite) as follows:

CO or H, (gas) 2 CO or H; (adsorbed)

CO or H; (adsorbed) + O (surface) & CO, or H,O (adsorbed)

CO, or H,0 (adsorbed) = CO, or H,O (gas)

But hopcalite is very effective in converting CO to CO», and Hy
oxidation frequently occurs after CO and CO; removal. As a result,
new approaches for eliminating H; in the first step are required.

Recently, a work reported by A.N. Matveyeva et al. [7] expressed
that the CeFeOs-based catalyst exhibits a high activity toward CO,
hydrogenation, which is explained by the fact that both perovskite
CeFeO3 and CeO, compounds can generate more oxygen vacancies
and encourage oxygen ion migration, while the Fe,0O3 particles aid
in the movement of the oxygen lattice from the subsurface to the
surface. Partially producing Ce3* species on the CeO, lattice due to
Frenkel-type anion defects as a result of oxygen vacancy generation
is determined by our previous works [8,9].

Rare earth perovskites and Ce—Fe—0O-based nanocomposites are
commonly applied as catalysts for different chemical reactions like
CO hydrogenation [10], ethylbenzene oxidation [11], CO and CH4
transformation [12]. Cerium orthoferrite (CeFeOs), in particular, can
also be effective in the photocatalytic oxidation of methylene blue
[13], organic pollutant degradation, nitrogen fixation [14], and
other applications. To obtain the CeFeO3 compound, various syn-
thetic methods are used, such as the microwave process [15,16], co-
precipitation with specific heating cycles [17], solid—state reactions
[18,19], directly from CeO,/Fe;03/Fe components [20], or solution
combustion synthesis [7,21—24].

The latter approach has emerged as one of the most promising
methods because of its effortless, inexpensive, and targeted syn-
thesis of nanostructured oxide materials. The relatively high tem-
perature in the reaction zone, which can sometimes exceed 1200 °C
for a short time, allows for the formation of nanosized oxide par-
ticles with amorphous and/or crystalline structures. Simulta-
neously, the process's high speed is accompanied by an abundant
release of gaseous substances, which prevent sintering and
recrystallization and thus provide a high dispersion of the products
[21].

The properties of CeO,/Fe,03/CeFeO3-based materials
mentioned above are expected to facilitate hydrogen chemisorp-
tion, provide surface oxygen, and thus produce steam, i.e., remove
hydrogen. Therefore, the current work aims to study the best
condition (RedOx ratio) of a simple method (glycine-nitrate com-
bustion) for synthesizing the catalysts based on the Ce—Fe—0O
system, investigating their physicochemical characteristics as well
as testing their oxidizing properties concerning hydrogen
oxidation.
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2. Experimental
2.1. Catalyst preparation

0.5 g of catalysts were synthesized by the solution combustion
method (SCS) using the following RedOx reaction (R. 2), as previ-
ously reported [23—26]. Cerium(Ill) nitrate hexahydrate (Ce(N-
03)3-6H,0, 99%), iron(lll) nitrate nonahydrate (Fe(NOs)s-9H-O0,
98%), and glycine (C;H5NO;, 98%) were used as reagents. These
substances were purchased and used without being purified
further.

3Ce(NO3); + 3Fe(NO3)3 + 10CHsNO, = 3CeFeOs + 25H,0 1
+14N, 1 +20C0, 1
(R. 2)

The glycine/nitrate ratio (G/N) was calculated by the formula
below (Eq. (1)). The G/N of the reaction's stoichiometric case was
about 0.6; other samples with different G/N values of deficient (0.2,
0.4) and excess glycine (0.8, 1.0, 1.2, 1.4) were also obtained.

n(GHsNOy)
>-n (NO3)

where n (C;Hs5NO,) — number of moles of glycine; =n(NO5) — total
number of moles of nitrate groups.

The synthesis procedure was carried out as follows: first, glycine
was dissolved in a minimum amount of distilled water; then, metal
nitrates were added to the mixture; and finally, the solution was
stirred until all components were completely dissolved. The
resulting solution was then poured into a glassy carbon glass, which
was heated in air on an electric hot plate (stove) until the water in
the solution was completely evaporated, causing the reaction
mixture to foam, ignite, and burn, resulting in the formation of a
friable powder. The synthesized products were ground with a
mortar and pestle before being analyzed for their properties.

G/N= (Eq. 1)

2.2. Catalyst characterization

An X-ray diffractometer (RIGAKU SmartLab 3) with mono-
chromatic Cuk, radiation of 0.15406 nm and a Bragg angle of
20—65° was used to determine the phase composition. To acquire
the mole fraction of the identified phases, an internal standard was
introduced into the studied samples, for which the cubic modifi-
cation of silicon was used. The resulting data were processed with
the help of the Rietveld and Origin applications. The Scherrer
equation (Eq. 2) was applied to calculate the average crystallite size
(D) of CeO,, Fe;03, and CeFeOj5 crystallites using Miller indices (hkl)
of the XRD peak at maximum intensity.

0.94-2

6'(:05 (9)7 (Eq 2)
where 0.94 is the Scherrer constant for spherical nanoparticles; A is
the X-ray wavelength, nm; B is the full width at half maximum of
peaks, radian; 0 is the Bragg angle, radian.

>’Fe Méssbauer spectroscopy was studied on a Wissel GmbH
multifunctional Mossbauer spectrometer. The obtained spectra
were decomposed into components based on the Lorentz spectral
distribution of moments using the Levenberg—Marquardt
algorithm.
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Brunauer—Emmett—Teller specific surface area (Sggr) of nano-
powders was determined from nitrogen adsorption isotherms at
77 K (—=196 °C) and measured with a Micrometrics ASAP-2020.
Equation (3) was handled to evaluate the total pore volume (V)
of the obtained materials.

p=n%, (Eq. 3)
where V), is the single point adsorption total specific pore volume of
pores at the relative pressure P/Py = 0.99 (cm>/g STP); Qg9 is the
highest quantity adsorbed in volume at the P/Py of 0.99 (cm>/g STP);
647 is the gas/liquid ratio constant for liquid nitrogen [27].

A JEOL-TEM-100CX transmission electron microscope was
employed to observe the morphology and spatial distribution of the
sample phases.

Temperature-programmed desorption of hydrogen (H,-TPD)
and oxygen (O,-TPD) were performed on Chemosorb (SOLO,
Novosibirsk, Russia) with a thermal conductivity detector (TCD).
About 120—150 mg of a sample was first preheated in situ under Ar
or Oz/He (50:50 vol%) flow (20 or 40 mL/min, respectively) at a
ramp rate of 20 °C/min to 500 or 600 °C for 30 min (a sample of G/
N = 0.8 was preheated in a He flow at 600 °C for 30 min), for the H,-
TPD or O,-TPD tests, respectively. Then it was cooled to 50 or 30 °C
in the same gas flow and saturated with Hy or O, for 20 min,
respectively. The sample was then heated to 500 or 800 °C at a
ramping rate of 10 °C/min after removing the physically adsorbed
Hy or Oz by purging with Ar or He (20 mL/min), respectively. To
calculate the surface density (p(Hz) and p(03), nm~2) of desorbed
hydrogen and oxygen in the temperature range of 50—400 and
25-600 °C, respectively, the following equation was used:

n-Nj-10-6
- Sper 10187 (Fa. 4)
where n — amount of desorbed H; or O, umol/g; Na — Avogadro
constant, 6.023-10%3 mol .

In H,-TPR tests, about 40 mg of a sample pretreated at 500 °C in
air for 30 min (a sample of G/N = 0.8 was not pretreated in order to
avoid destruction of the CeFeOs; phase) was reduced from 50 to
700 °C at a ramp rate of 10 °C/min under 10 vol% H; in Ar (20 mL/
min). Isopropanol, cooled in liquid nitrogen, was used as a water
trap. CuO was applied to calibrate hydrogen consumption.

2.3. Catalytic test

Catalytic hydrogen combustion was performed with a feed
mixture of 2.5 vol% of Hy in air at a total flow rate of 100 cm>/min
and a gas hourly space velocity (GHSV) of 30 000 h~.. A hydrogen
generator was used to produce dried, 99.999% pure hydrogen. A
compressor with desiccant columns served as the dry air source.
Gas flow regulators were used to obtain the desired composition of
gas flow. Catalytic experiments were carried out in a packed-bed
stainless steel reactor tube (35 cm in length and 0.8 cm in inte-
rior diameter) that was isothermally controlled at atmospheric
pressure and temperatures ranging from 150 to 470 °C. The reactor
was loaded with 200 mg of powdered catalyst. To dry the gas flow, a
moisture trap containing CaCl, and silica gel granules in a Drexel
bottle was placed at the reactor's outlet. A gas chromatograph
equipped with a thermal conductivity detector (Ar used as a carrier
gas, 30 mL/min) was applied to analyze the product gas streams. To
separate the mixture of Hy, N5, and O, a molecular sieve CaA col-
umn (length x inner diameter = 3 m x 3 mm, CaA
fraction = 0.25—0.5 mm, thermostat temperature = 80 °C) was
used.

Journal of Science: Advanced Materials and Devices 8 (2023) 100596

In general, the rate of hydrogen oxidation is determined by the
concentrations of H, and O,, with the same or different orders for
each. This is especially true at their close concentrations [28].
However, in the presence of an excess of oxygen, the rate of reaction
is primarily determined by the concentration of hydrogen [29—31].
As a result, the equation for the observed reaction rate with respect
to H, takes the following form:

—EghS
obs _ pobs o3 -P(H,) (Eq. 5)
or in logarithmic form:
1
obs) _ _pobs ' obs
ln(r )7 EC RT+ln(A >+ln(P(H2)), (Eq. 6)

where P(Hy) — current partial pressure of H, in the flow, atm
(P(H2)=Po(H2)-(1 — x(H3), Pp(Hp) — initial H, partial pressure,
0.025 atm); ESP5 — observed activation energy, kj/mol; A°PS
—observed pre-exponential factor, mmol/(s-m?-atm); R — universal
gas constant, given 8.314-103 kJ/(mol-K); T — temperature of Ha
conversion, K; r°° — observed rate of H, oxidation reaction, mmol/
(s-g), converted to mmol/(s-m?) as related to Sggr, the following
equation (Eq. 7) was used to determine the value r°.

m-22.4 (Eq. 7)

where Fj, — initial volume flow rate, ml/s; 22.4 mL/mmol — molar
gas volume at standard temperature and pressure; [Ha]o — con-
centration of Hy in the inlet gas flow, mol%; x(H,) — percentage Hy
conversion at a specific temperature, %; m — catalyst weight, g.

3. Results and discussion
3.1. Phase composition and crystallite size

To analyze the phase and structural transformations of the ob-
tained samples with various G/N ratios, the powder X-ray diffrac-
tion (PXRD) and >’Fe Mossbauer spectroscopy (MS) were carried
out. The use of these two analysis methods is due to the limitations
of PXRD associated with the inability of studying the system's
amorphous components, which, using MS, can be successfully
characterized and quantitatively measured. When the results of
these methods are compared (Fig. 1), it is clear that the samples
with G/N values of 0.2 and 1.4 contain only two phases: cubic
crystal structure CeO, (c-CeOy; space group Fm-3m) and amor-
phous Fe;03 (am-Fe,;03). The calculated molar fraction (Fig. 2a)
from PXRD and MS analyses shows that the c-CeO, phase exists in
the crystalline form for all samples with a little change in mole
quantity, while the phase of am-Fe;03 gradually transforms into
mixtures of rhombohedral (o-Fe;03; space group R-3cH) and
cerium orthoferrite crystallites (o-CeFeOs; space group Pbnm),
where the G/N ratio varies from a glycine content that is deficient
and excess to one that is stoichiometric (G/N = 0.6). It is worth
noting that the highest molar fraction of the o-CeFeOs; phase is
found in the G/N ranges of 0.4—0.8.

The calculated average crystallite size (D) of nanoparticles is
depicted in Fig. 2b. Without taking into account the samples with G/
N values of 0.2 and 1.4, where only tiny crystalline particles of c-
CeO, with D = 1.5 nm can be examined (in these cases, the growth
of D(c-CeO-) is most likely hampered by the large am-Fe,;03 par-
ticles), the D of c-CeO,, o-CeFeOs, and «-Fe,03 decreases with
increasing G/N ratios (0.4—1.2) from 31.3 to 2.2 nm, 50.7—33.4 nm,
and 33.9-10.1 nm, respectively. A significant decrease in the
average size of crystallites and the phase transformations can be
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(a)

o 0-CeFeO, (ICDD PDF #93611) * %-F¢;0; (ICDD PDF #22505)

¢ ¢-CeO, (ICDD PDF #193169)|
1.4
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(b)
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Fig. 1. PXRD patterns (a) and >’Fe Mossbauer
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Fig. 2. Phase composition (a) and average crystallite size (b) of the obtained nanoparticles.

explained by the combustion mode of the synthesis process, which
changes depending on the G/N ratios; for this, the temperature in
the combustion reaction zone is the main explainable factor. In
particular, the temperature in the reaction zone of the volume
combustion mode (G/N = 0.4—0.8) is typically higher than that of
the smoldering (G/N = 0.2) and self-propagating combustion (G/
N = 1.0—-1.4), which promotes active recrystallization and, as a
result, an increase in the size of crystallites as well as a variation in
phase quantity-quality [21,32].

3.2. Adsorption-structural and morphological features

The results of the Ny physisorption analysis are shown in Fig. 3.
The drawing curves in Fig. 3a show a type IVa isotherm for samples
obtained from smoldering and self-propagating combustion, which
is typical for mesoporous adsorbents according to the IUPAC clas-
sification of physisorption isotherms [7,33]. This statement is sup-
ported by the results of density functional theory (DFT): pore size
distribution with maximum pore widths of 40 and 50 nm (see inset
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in Fig. 3a). Furthermore, the isotherms are accompanied by an H4-
type hysteresis loop [33], which is frequently observed by aggre-
gated crystallites. On the other hand, for samples obtained from
volume combustion, a type of II isotherm is depicted, which is
provided by nonporous or macroporous materials; the pore size
distribution results also confirm this fact.

The specific surface area (Sger) and total pore volume (V) of
nanocrystalline materials are important characteristics that deter-
mine their functional properties in many cases. The Sggt value of the
synthesized samples obtained in this work (Fig. 3b) correlates with
crystallite size and form of phase composition, and thus with G/N
ratios. Particularly, samples with the G/N ratio near the stoichio-
metric range (0.4—0.8) have the lowest Sggr (1.8—5.8 m?/g) due to a
high degree of crystalline formation with larger D and nonporous
particles. In addition, the presence of more am-Fe,03 phase in the
nanopowders, combined with a smaller D of the crystalline phases,
practically raises the value of Sger. The higher Sget of 49.2 m?/g (G/
N = 1.4) compared to Sger of 32.7 m?/g (G/N = 0.2) can be attributed
to a higher amount of gases due to incomplete combustion, which
leads to the formation of intermediate forms of combustion prod-
ucts (COy, NOy), resulting in a more porous surface of the materials
[21,34]. As shown in Fig. 3b, the total pore volume correlates with
conditions of glycine-nitrate combustion and has a change ten-
dency similar to Sger. Like Sggr, the maximum value of V,
(0.182 cm?/g) also belongs to the case of G/N = 1.4.

To study the formation of morphological features of composi-
tions based on nanostructured particles c-CeO,, am-Fe;03, a-Fe03,
and o-CeFeOs under conditions of glycine-nitrate combustion,
three samples (G/N = 0.2, 0.6, 1.4) representing three modes of
combustion were investigated by transmission electron microscopy
(TEM). The resulting images show micro-sized agglomerates with a
foamy morphology (Fig. 4a,c,e). The formation of nanostructured
compositions in the cases with G/N values of 0.2 and 1.4 is quite
similar to each other and consists of very small crystallites of c-
CeO, surrounded by am-Fe,03 particles. The obtained selected area
electron diffractions (SAED) in Fig. 4b,f show intensive diffraction
circles with interplanar distances of main reflexes referring to those
of the c-CeO, crystallites; no other notable diffraction circles were
observed, confirming Fe,03 particles presence in the amorphous
form. Notice that the sample with a high degree of crystallinity is
formed at G/N = 0.6 (Fig. 4c), which is displayed by a spot diffrac-
tion pattern (white dots on a black background) (Fig. 4d). These
SAED and TEM results match those obtained from PXRD data. It is
obvious that changing the G/N ratio affects the microstructure of

120 ~
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the resulting phases as well as the dispersed composition of the
obtained nanopowders [9].

Based on the generalization of the obtained information on
chemical, phase, and dispersed features of glycine-nitrate com-
bustion products with different G/N ratios, a schematic illustration
for changing phase composition depending on the G/N ratio is
proposed (Fig. 5). According to the presented scheme, at G/N = 0.2,
the finely dispersed Ce—O—Fe matrix grows to form nano-
crystallites of CeO, and then remains crystalline throughout the
other G/N ratios; only the crystallite size of CeO; is variable, as
mentioned in Fig. 2b. At the same time, the modification of Fe;03
exists in the amorphous form for almost all cases of synthesized G/
N, except for the stoichiometric condition, where about all particles
are crystallized, as confirmed by PXRD, MS, and TEM results. It is
demonstrated that two phases of a-Fe;03 and o-CeFeOs always
appear together when the Fe,03 crystallites are processed.

3.3. Reducibility, H, and O, desorption

An important characteristic of cerium and iron is their ability to
have several oxidation states depending on the environment and
external conditions. Therefore, it is necessary to study the inter-
action of the obtained composites with H, and O,. Fig. 6 shows the
curves of Hy consumption during the temperature-programmed
reduction (TPR) of samples G/N = 0.2, 0.8, and 1.4.

Comparison of the reduction profiles of G/N = 0.2 and 14
samples with literature data on the CeOx-FeOx system [7,35—38]
shows that the peaks mainly correspond to the stepwise reduction
of FeyO3 to Fe? through Fe3O4 and FeO: Fe;03 to Fes04
(412—424 °C), Fe304 to FeO (about 546—573 °C), and then to Fe
(588—644 °C). The profiles also show an overlap of several peaks
that were separated by Gaussian curves. Fe;03 is generally char-
acterized by one component up to 450 °C [35,36,38]. The peak at
395—-399 °Crevealed in this work is apparently associated with the
reduction of Fe;03; nanoparticles in good contact with CeO, [35].
This effect can be explained by the ability of CeO, to adsorb H,
heterolytically [39], which facilitates the subsequent reaction of
hydrogen with Fe;0O3 surface oxygen. Nanosized CeO; is charac-
terized by a wide-range peak at 400—600 °C with a maximum at
500—570 °C, corresponding to the reduction of surface and near-
surface Ce** atoms to Ce>* [40—42]. This peak is not recognizable
against much stronger FeOy reduction peaks or may be present as a
“background” between the two main FeOy reduction regions.
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Nitrogen physisorption isotherms and DFT pore size distribution (a); Specific surface area and total pore volume of the synthesized samples (b).
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10 1/nm

Fig. 4. TEM images (a, ¢, e) and SAED patterns (b, d, f) of the obtained nanocomposites with various G/N ratios.

The reducibility of the sample G/N = 0.8 is significantly lower
compared to other studied samples. It is characterized by at least
three hydrogen consumption peaks at 433, 492, and >600 °C. The
last peak corresponds to the reduction of bulk Fe>* during the
decomposition of CeFeOs in a reducing medium as well as the
reduction of bulk Ce*" in free CeO, particles. Peaks in the region of
350—600 °C, apparently correspond to the partial reduction of Fe3*+
in free Fe;03 nanoparticles as well as surface Fe>" ions in CeFeO;
[7]. The latter leads to the formation of surface oxygen vacancies in
CeFe0s. The reduction of surface and subsurface Ce** in unbound
CeO; cannot be completely ruled out. However, due to the small
specific surface of the sample, the CeO, surface available for

reduction is not high compared to the samples G/N = 0.2 and 1.4.
LaFeO; is characterized by the reduction of Fe** to Fe3* at
250—400 °C [43]. A similar peak for sample G/N = 0.8 was not
observed.

Fig. 7 shows the temperature-programmed desorption (TPD)
curves of H, and O for samples G/N = 0.2, 0.8, and 1.4. Most of the
hydrogen is desorbed up to 350 °C, typical for both CeO, and Fe;03
[38,39,44,45]. Broad and overlapping H, desorption peaks indicate
that hydrogen is adsorbed on surface oxygen ions in different en-
vironments and/or coordination. Some differences in the desorp-
tion profiles for samples G/N = 0.2 and 1.4 can be associated with a
slight difference in the size of nanoparticles, their interaction with
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Fig. 6. H,-TPR curves for the Ce—Fe—O system of samples G/N = 0.2, 0.8, and 1.4.

each other, and the accessibility of crystalline planes [39]. For the
sample with the amount of CeFeO3 phase close to the maximum (G/
N = 0.8), H, desorption is also observed, which may be related to
the adsorption on its surface cations since the size of CeO, and
Fe,03 crystallites in this sample is large in comparison with the
samples G/N = 0.2 and 1.4. The quantitative comparison shows that
G/N = 0.8 is characterized by a minimum amount of desorbed H;
per gram of sample n(H;) but a maximum surface density of
desorbing sites (p(Hz)) (Table 1).

A small amount of O is desorbed for samples G/N = 0.2 and 1.4
up to 200 °C and more O, is desorbed after 200 °C. The peak at low
temperatures apparently corresponds to the desorption of O, in the
form 02~ or 03~ from oxygen vacancies, while the main peak cor-
responds to the desorption of atomic oxygen or partial crystalline

oxygen evolved from the bulk of CeO; [46,47]. As noted in [47],
there is a second form of oxygen that promotes soot oxidation due
to migration from the surface lattice site to neighboring vacancies
with subsequent removal from the catalyst surface. In contrast to
the considered samples, for sample G/N = 0.8, a wide and low-
intensity desorption peak up to 400 °C is observed, which appar-
ently corresponds to the desorption of the first form of oxygen. A
peak in the same temperature range was observed for LaFeOs3 [48].
Also, for sample G/N = 0.8, a low-intensity peak of the second form
of oxygen is observed above 500 °C. The desorbed amount of O, per
gram of sample (n(0,)) and the surface density of desorbing sites
(p(02)) have a trend similar to the results of H,-TPD (Table 1).

3.4. Catalytic performance

The temperature dependence of the percentage H, conversion
(xy,) is depicted in Fig. 8. As expected, catalysts with higher Sggr (G/
N = 0.2, 1.2, 1.4) have higher activity; in this context, the temper-
atures of 10% (t10) and 50% (ts0) Hy conversion for case G/N = 1.2 are
the lowest at about 275 °C and 345 °C, respectively. It should be
noted that the sample with G/N = 1.2 differs from those with G/
N = 0.2 and 1.4 by containing a small amount of the crystalline
forms o-CeFeOs3; and a-Fe;0O3 rather than only two phases c-CeO;
and am-Fe,0s3 in the other cases. So, it may conclude that a nano-
composite based on a certain phase ratio of c-CeO,/o-CeFeOs/a-
Fe,03/am-Fe,03 ispreferred in hydrogen catalytic oxidation.
Further, it can be seen that samples with near-stoichiometric G/N
values (G/N = 0.4, 0.6, 0.8) perform poorly in catalytic activity when
the xy, does not reach 30% at around 500 °C, which can be
explained on the one hand by their low Sggrand, on the other hand,
by a high amount of 0-CeFeO3 and ¢-Fe;03 phases as well as a large
crystallite size. On the curves of samples with the highest content of
CeFeOs3 (G/N = 0.6 and 0.8), one can note an increased Hy conver-
sion at temperatures of 300—450 °C compared to the sample with
G/N = 0.4; this is associated with the achievement of the temper-
ature at the beginning of the decomposition of CeFeO3 to CeO, and
Fe;03 [7,23].

Based on the results in Fig. 8a, the slope of the linear portion of
the curve was used to calculate the reaction rates (see Eqs. (5)—(7)
in Section 2.3) over these catalysts at various temperatures [49,50].
Samples G/N = 0.2, 1.2, and 1.4 have higher catalytic activity but
higher EQbs (observed activation energy) (Fig. 9). They are charac-
terized by a lower temperature at the beginning of the reduction of
Fe,03 with different localization to Fe304 (appearance of Fe*™) and
surface Ce** to Ce®*, coinciding with the temperature range of the
beginning of active hydrogen oxidation (200—300 °C). The
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Table 1 desorption of atomic oxygen from bulk CeO, also begins in this
Calculation results from H,-TPD and O>-TPD curves. temperature range. A similar effect of reducibility and oxygen ca-
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Table 2
Observed activation energy of hydrogen oxidation for different catalytic systems.
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Sample E,°P, kJ/mol Reaction conditions Ref.
Cep.95Cug0502—3 15 Fixed-bed reactor, 2.7 vol% Ha + 2.7 vol% O, + balance N5, GHSV = 42 310 h™! [49]
CepoNig 1023 48 Fixed-bed reactor, 2.7 vol% Hy + 2.7 vol% O, + balance N5, GHSV = 48 000 h™! [50]

CeO, cubes 70 + 20 H,-TPR, 60 mL/min, 5% Hy/Ar [42]

CeO; rods 130 + 20

CeO, octahedrons 150 + 20

LaMng gBo 203 (B=Ni, Zn, Cu) 53-67 Recirculation fixed-bed reactor (40:1), 0.2—2 vol% H; in air [54]

G/N =0.2 113 Fixed-bed reactor, 2.5 vol% H, in air, GHSV = 30 000 h~! This work
G/N =038 52

G/IN=14 75

The sample G/N = 0.8 has much lower activity, which can
additionally be explained by the lower reducibility and oxygen
capacity. However, it has a higher density of O, and H, desorption
sites as well as a lower observed activation energy. Bao et al. [52]
showed that the rate of CO oxidation over Fe;03—CeO, increased
with an increase in the density of surface oxygen vacancies. In [42],
it was demonstrated that the activation energy of hydrogen
oxidation over CeO, depends on the shape of the CeO, particles:
70 kJ/mol for nanocubes, 130 k]/mol for nanorods, and 150 kJ/mol
for octahedrons. This is due to the different reactivity of each CeO,
crystalline plane emerging on the surface, which can affect the
reaction mechanism. Xiao et al. [43] presented that the CO oxida-
tion in the excess oxygen on porous and bulk LaFeOs is character-
ized by an observed activation energy of 78 and 31 kj/mol,
respectively, while porous LaFeOs; had a lower tsp; the authors
explained the increased activity of porous LaFeOs by its greater
oxygen deficiency and electron enrichment due to the transition
Fe’*-0-Fe** — Fe**-(e™-O)-Fe3* + 1/20,. Although the presence
of Fe** was not analyzed for sample G/N = 0.8, its participation in
the catalytic process cannot be ruled out. According to [53], the
higher activity toward CO oxidation of FeOx/LaFeOs is distinguished
by a higher £2°% (90 k]/mol) when compared to LaFeOs (79 kj/mol).
A comparison with literature data (Table 2) shows that the £ of
the samples G/N = 0.2 and 1.4 are close to pure CeO,; meanwhile,
for sample G/N = 0.8, the £2P® approaches those of LaMnggBg 203
(B=Ni, Zn, Cu) perovskites.

4. Conclusion

The RedOx conditions of the synthetic reaction mixture (glycine/
nitrate ratios, G/N) were focused on to examine their effects on the
phase, structural, specific surface area, reducibility, and catalytic
properties of the obtained Ce—Fe—0-based nanopowders. It was
discovered that various modes of reaction combustion result in
differences in product characteristics due to differences in reaction
zone temperatures, amounts and speeds of generated gases. As a
result, depending on the G/N conditions, the synthesized catalysts
possess two (c-Ce0,, am-F,03), three (c-CeO,, 0-CeFeOs, a-F,03), or
four phases (c-Ce0O,, 0-CeFeOs, a-F,03, am-Fe;03). In general, as the
G/N ratio increases, the average crystallite size decreases, causing
the specific surface area to increase. Sample G/N = 1.2 (excess ratio
of glycine) was found to be the optimal RedOx ratio for synthesizing
the CeO,/CeFeO3/Fe;03 nanocomposite with the highest catalytic
activity when compared to the prepared samples. It was recom-
mended to consider the catalyst's reducibility, observed activation
energy, and reaction mechanism of H; oxidation in order to acquire
a higher performance in hydrogen combustion. The resulting
catalysis of such substances is paving the way for the development
and design of low-cost catalysts regarding Hy removal, which will
contribute to preventing hydrogen-related accidents like explo-
sions and fires.
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