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Both SrNiO3 perovskite and CeO-, are materials suitable for photocatalytic purposes. In this work, the preparation
and physicochemical characterization of bare SrNiO3 and CeO; along with composites where CeO5 was enriched
with the perovskite from 15 to 70 % in mass of SrNiO3 in the composite are described. The materials have been
used for the photocatalytic oxidation of 2-propanol in gas-solid regime in the presence of UV-LED or simulated
solar irradiation. The solids were characterized by XRD, SEM/EDX, N, adsorption/desorption and FTIR and
UV-Vis diffuse reflectance spectroscopies. The composite containing 15 % w/w of StNiO3 and 85 % w/w of CeO
resulted the most active, giving rise the complete degradation of 2-propanol after 1.5 h or 6.0 h of irradiation by
UV-LED and simulated solar light irradiation, respectively. Photocatalytic activity results are discussed consid-

ering the physical-chemical properties on the catalysts.

1. Introduction

Heterogeneous photocatalysis is a technology extensively applied in
the framework of environmental remediation. It requires the use of solid
semiconductor that can accelerate the reaction rate and increase the
efficiency of the process with the aid of light as radiation source [1]. The
development of new and efficient photocatalysts is, therefore, crucial for
advancing in the sustainability of the technology in the pursuit of clean,
inexpensive, and efficient technologies for environmental purposes. In
this context, perovskites are materials with a unique crystal structure
that have been extensively studied in solar cells, LEDs, sensors, energy,
and catalysis fields.

A perovskite is represented by the general formula ABX3, where A, B
and X sites are an alkaline-earth or rare-earth metal cation with large
atomic radii, transition-metal cation (e.g., Ti, Fe, Co, Mn and Ni) with
the small atomic radii and an anion (e.g., O, S, N, and halides),
respectively. Their crystal structure consists of a cubic unit cell with a
central metal cation surrounded by oxygen atoms in an octahedral
arrangement. Cations of A and B are combined with X anions by 12- and
6-fold coordination, respectively (See Fig. 1). Substitution of A-, B- and
X-sites by the different valences and atomic radii generates the distorted
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structure of perovskite, which exhibits various physical-chemical traits
such as oxygen vacancies, excellent thermal stability, superior electronic
conductivity, and redox active sites. Consequently, they have received
significant attention in the field of catalysis [2] and photocatalysis [3,4].

The most studied perovskites include metal oxides-based perovskites
active as heterogeneous photocatalysts due to their high surface area
and excellent charge transfer properties (some examples of this kind of
perovskite are: LaFeQj3, SrTiO3, and CaTiOs. Another type of perovskite
are the metal halide-based ones which are hybrid perovskites containing
both inorganic and organic components studied for their high efficiency
in solar cells [5]. Finally, a further class of perovskite is represented by
double perovskites that contain two different metal cations in the B site,
which results in unique properties such as a tuneable bandgap and
improved stability. Two examples of these last materials are SroFeMoOg
and BayBilrOg [6].

Among the metal oxides-based perovskites strontium nickelate
(SrNiOs) has been studied very few, much less than other perovskites,
and it has been proved to be active in water photo-splitting [7] and CO»
reduction [8]. As far as we know only one paper has been devoted to the
study of the photocatalytic degradation of pollutants by using SrNiOs in
liquid-solid regime [9] but no research has been devoted to the study of
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Fig. 1. Scheme of the structure of the ABX3 perovskite type oxides.

a photocatalytic oxidation reaction in gas-solid regime.

Rare-earth nickelates have been widely studied but few studies are
reported on alkaline-earth nickelates and their electronic structure is
under debate [10]. SrNiOsg is characterized by the presence of Ni®* ions
with a d’ partially filled electron configuration giving rise to an inter-
esting semiconductor electronic structure to be used as photocatalyst.
For a divalent A such as Sr2+, in the absence of oxygen vacancies, ANiO3
would require a formal valence of Ni**. Several methodologies have
been developed for the synthesis of SrNiOj3 influencing its phys-
ical-chemical features including solid-state reaction, sol-gel, hydro-
thermal, and microwave-assisted methods. There have been several
studies of bulk hexagonal nickelates with divalent A such as SrNiOs
[11,13] and BaNiOs. [12] Hexagonal SrNiO3 has been synthesized by
calcination [13] or by heating under oxygen pressure in the range
50-2000 atm (whereas 1 atm oxygen produced SrNiOg 5) [14]. StNiOy s,
Sr4Ni30g, SrsNigO11, and SrgNiyO2; have also been synthesized [15].

Cerium oxide (CeO3) has been also studied as photocatalyst, indeed
due to its suitable band gap, excellent stability, cost-effectiveness, non-
photo-corrosiveness, and low toxicity, ceria has been employed widely
in photocatalysis [16]. It is a n-type semiconductor with a large band
gap spanning from 2.6 to 3.4 eV, however due to its high electron hole
recombination rate and poor capacity to absorb visible light, it performs
poorly as a photocatalyst [17]. Composites of STNiO3 and CeNiO3 were
used for me-thane dry reforming for the generation of syngas [18]. In the
current research, composites containing CeO, and the SrNiO3 perovskite
have been prepared. The purpose of this study is to illustrate the
distinctive impact of SrNiO3 and CeO, particle cohabitation in the
photocatalytic oxidation of 2-propanol carried out in gas—solid regime
under simulated solar light or UV-LED irradiation. The composite ma-
terials have been prepared with different mass ratio of the two compo-
nents and the most active resulted that with 15 % of perovskite.

The photocatalytic oxidation of 2-propanol in gas-solid regime has
been chosen as a model reaction because this molecule is a major
contaminant in indoor air and air streams [19]. 2-propanol is a common
volatile organic pollutant found in urban settings, especially indoor ones
from items including waxes, varnishes, home goods, and building ma-
terials [20]. The use of 2-propanol as model molecule to study the ac-
tivity of novel prepared photocatalysts in gas-solid regime is widely
reported also because the photo-oxidation mechanism is well ascer-
tained [21-23].
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2. Materials and methods
2.1. Synthesis of photocatalysts

SrNiO3 was synthesized via sol-gel method by the nitrate-citrate
route [9] For that aim, strontium nitrate (0.02 mol of Sr(II)) and
nickel nitrate hexahydrate (0.02 mol of Ni(II)) were dissolved in 100 mL
of bidistilled water. Then 0.06 mol of citric acid, used as chelating agent,
was added dropwise. The mixture was heated up to 80 °C and stirred for
3 h to obtain a green gel that was dried at 80 °C for 12 h and finally
heated at 900 °C (ramp temperature of 5 °Cemin ') and calcined for 5 h
to obtain SrNiOs crystalline phase (labelled in the following as SNO). On
the other hand, for the preparation of CeO, was followed a methodology
already reported by some of us was [24]. An aqueous solution of Cerium
nitrate (Ce(II) 0.01 M) was mixed with NH4OH (0.04 M) solution (final
pH 9) using magnetic stirring until a yellowish precipitate was formed.
The precipitate was then filtered and dried at 80 °C overnight after being
rinsed several times with bi-distilled water. The final product was
calcined for 3 h at 600 °C.

The composites CeO2/SNO were prepared using different mass ratio
of CeO; and SrNiO3 by a ball milling treatment. A RETSCH Planetary
Ball Mill Model PM400 equipped with a ZrO5 jar with 6 zirconium oxide
balls with rotation speed of 150 rpm was used for 2 h. The composite
powders were therefore calcined at 400 °C for 30 min. Composites
possessing a nominal mass ratio SNO:CeO; equal to 15:85, 30:70, 50:50
and 70:30 were obtained; the solid composites were labelled as SNO-15,
SNO-30, SNO-50 and SNO-70, respectively, where the number in the
label correspond to the percentage of perovskite in the composite.

2.2. Characterization of photocatalysts

X-ray diffraction analysis was performed on a D8 advance diffrac-
tometer using Cu Ko radiation operating at 40 kV with a 0.02 degrees
step. The average crystallite size was calculated using the Scherrer
equation. Scanning electron microscopy (SEM) was performed by using
a FEI Quanta 200 ESEM microscope, operating at 20 kV on specimens
upon which a thin layer of gold had been evaporated. An electron
microprobe used in an energy dispersive mode (EDX) was employed to
obtain information on the actual metals’ ratio present in the samples.
Specific surface area, average pore volume and size were obtained with
the help of a Micromeritics equipment (model, ASAP 2020) following
nitrogen adsorption at 77 K and using the Brunauer-Emmett-Teller
(BET) method. Samples were degassed under flowing argon at 473 K
for 2 h before nitrogen adsorption. FTIR spectra in KBr pellets were
obtained with a Shimadzu FTIR-8400 spectrometer (4 cm! resolution,
256 scans). Ultraviolet-visible diffuse reflection spectroscopy (DRS) was
useful to calculate the band gaps of the samples. DRS spectra were
recorded in the A range 250-600 nm with a Shimadzu UV-2401 PC in-
strument with BaSOj4 as the reference sample. The spectra of the samples
were carried out by using mixtures of the photocatalyst with BaSO4 in a
mass ratio of 0.050:1.

Electrochemical experiments aimed to understand the electronic
properties of the semiconductor materials were carried out in 1 M KCI
solution, using a Potentiostat/Galvanostat Gamry Reference 3000 with a
three-electrode system. A saturated calomel electrode (SCE) was used as
areference electrode, Pt as a counter electrode, and SNO, CeO5, SNO-15,
SNO-30, SNO-50, SNO-70 as working electrodes. For this purpose each
working electrode was prepared as 10 mm diameter pellet using uniaxial
pressure of 10 MPa and sintered at 600 °C for 2 h. Finaly, it was intro-
duced into resin epoxy, polished with SIC paper (1200) and washed with
water, only one side of ca.1 cm? was in contact with the electrolyte.
Painted silver lacquer was used to insure the electrical contact between
the back pellet and copper wire. The electrochemical impedance spec-
troscopy (EIS) measurements were performed in the range of 0.1-105
Hz, with an AC voltage amplitude of 10 mV, at open circuit potential.



N. Aoun et al.
2.3. Photocatalytic oxidation of 2-propanol

The photoreactivity of the powders was studied in the gas-solid
regime for the oxidation of 2-propanol. A 25 mL cylindrical Pyrex batch
photoreactor (diameter 42 mm, height 18 mm) was employed intro-
ducing the photocatalyst powder (100 mg) dispersed in the bottom.
Then Oy was insufflated, and a saturated oxygen atmosphere was
reached. Liquid 2-propanol was injected into the photoreactor (nominal
initial concentration 1 mM) and irradiation was started only after steady
state conditions were achieved, i.e. after ca. 30 min of dark stabilization
conditions. The employed set-up is reported elsewhere [25]. The pho-
toreactor was irradiated from the top by two different irradiation sys-
tems, i.e. a UV-LED IRIS 40 with an irradiation peak centred at 365 nm
and a SolarBox apparatus (CO.FO.ME.GRA srl), provided with a 1500 W
high pressure Xenon lamp simulating the solar light. The power of the
light measured in the range 315-400 nm by a UVX Digital radiometer
reaching the reactor resulted 630 or 14 mW, for the UV-LED and the
SolarBox, respectively. The irradiate surface of the reactor was 1,380
mm?.

For all experiments, irradiation started only after half hour of dark
adsorption equilibrium of the substrate on the photocatalyst surface.
The photocatalytic runs lasted two or six hours, in the presence of the
UV-LED or SolarBox irradiation, respectively. Samples of the reacting
fluid were analysed during the course of the reaction by withdrawing
250 pl of gas from the outlet of the reactor by means of a gas-tight sy-
ringe. The concentrations of 2-propanol and its reaction intermediates
were determined by a Shimadzu 2010 gas chromatograph (GC) equip-
ped with a Phenomenex Zebron Wax-plus and a FID detector using He as
a carrier gas. The amount of CO, was, instead, analysed by a HP 6890
Series GC equipped with a packed column GC 60/80 Carboxen-1000 and
a TCD.

Blank reactivity tests were performed under the same experimental
conditions used for the photo-reactivity experiments but in the absence
of catalyst, oxygen, or light. No reactivity was observed in all these
cases, so it was concluded that the simultaneous presence of O, catalyst,
and irradiation was needed for the occurrence of the 2-propanol
degradation process.

3. Results and discussion

3.1. Bulk and surface physical-chemical characterization of the
photocatalysts

XRD patterns of the CeO, SrNiO3 and composites SNO-15, SNO-30,
SNO-50, SNO-70 are reported in Fig. 2. CeO5 shows the typical pattern
attributed to the cubic fluorite-type structure JCPDS [99-101-0981]
being, as reported before [26], most intense the Miller indices for the
planes (111) and (200) located at 260 = 28.5° and 33.1°, respectively.
The unit cell is characterized by a = b = ¢ = 5.41 A with a cell volume
Veell ~ 158 A3, The diffractogram of pristine SrNiO3 shows peaks at 260
at 29.6, 32.8; 38, 41.2, 44.7, 45.7, 46.4, 50.3, 56.5, 58.5, 60.9, 68.7,
75.4, and 76.4 degree. The XRD pattern corresponds to the JCPDS
[00-033-1347]1, which refers to the hexagonal crystalline phase with
cell parameters: a = 5.47, b = 5.47, ¢ = 19.73 A and Veell ~ 511 A® as
observed before by some of us [9]. These results are in agreement with
previous reports where, as in this research, the SrNiO3 was prepared by
sol-gel method [18]. The corresponding unit cell parameters, and cell
volume are provided in Table 1. The crystallographic parameters and
particle size of the studied materials are calculated according to Debye
Sheerer equation [27].

No peaks correspond to any other impurities and all the samples
maintain a good degree of crystallinity, since their reflections appear
still sharp and intense. The intensity of the main peak attributed to the
SrNiO3 hexagonal phase located at 20 = 32.8° increased by increasing
the amount of the perovskite in the series SNO-15, SNO-30, SNO-50 and
SNO-70. It is worth to note that, for composite materials with the lower
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Fig. 2. XRD patterns of the pristine SrNiO3 (SNO) and CeO, along with the
composite photocatalysts.

Table 1
Crystallographic features of the photocatalytic materials.

Sample Space Cell parameters (A) Cell volume Particle size

group a b c (A% A)
SNO Hexagonal 547 547 197 511 541
CeO Cubic 541 541 5.41 158 536
SNO- Cubic 5.41 5.41 5.41 159 533
15
SNO- Cubic 541 541 541 159 530
30
SNO- Hexagonal 547 547 197 511 541
50
SNO- Hexagonal 5.87 587 19.80 513 541
70

amount of SNO this peak overlap with that characteristic of CeO; at 26
= 33.1° where-as a clear peak shift versus 260 = 32.8° is observed by
increasing the amount of SNO in the composite. Indeed, as shown in the
inset of Fig. 2, for SNO-50 and SNO-70 the diffraction peak appears at a
260 value between 32.8 and 33.1° due to the contemporary and compa-
rable diffraction of the crystallites of SNO and CeO; in the composites.
On the other hand, the presence of a small diffraction band at ca. 32.7°
observed for SNO-15 and SNO-30 (see inset of Fig. 2) evidences the
presence of a distorted perovskite phase. This peak at 32.7 would be the
result of a strong interaction between perovskite and ceria in these two
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composites.

SEM microphotographs of the various samples are reported in Fig. 3.
The morphology of the two bare samples SNO and CeO5, are completely
different as reported in Fig. 3 (a) and (b), respectively. Composites
(Fig. 3 (c) to (f)) appear not so much homogeneous as also evidenced by
the EDX analysis carried out on different spots on their surface. The
average value of the percentage of Ni, Sr and Ce present in the samples
corresponds to the nominal amounts even if some fluctuations of their
values are observed depending on the area of the sample analysed. It is
observed that the CeO; particles are coated by the SNO in the compos-
ites, even if in some cases it is possible to detect the presence of CeO,
(see Fig. 3 (d) for the SNO-30 sample). The particle sizes of the com-
posite samples appear smaller than those of both pristine CeO, and
SrNiOs, and this fact can be attributed to the ball milling treatment used
for the preparation of these materials.

Table 2 summarizes for all the prepared samples the Brunauer-
Emmett-Teller (BET) specific surface area (SSA) and the porosity pa-
rameters that were determined by the nitrogen adsorption-desorption
isotherms reported in Fig. 4. From the perusal of Table 2 the SSA of the
composite materials decreases by increasing the perovskite amount
(from SNO-15 to SNO-70). On the other hand, the pore volume of the
SNO-15, SNO-30 and SNO-50 samples resulted higher, particularly for
the former, with respect to those of the two bare components (SNO and
CeOy). This insight is very interesting, and it can justify the observed
activity of these samples that however will be discussed in the next
section 3.2. Anyhow, a decrease of the pore volume is observed in the
composites by increasing the perovskite amount showing for the SNO70
sample the same value observed for the bare perovskite (see Table 2).

Concluding, among the composite materials, the sample with higher
SSA and pore volume results to be SNO-15. It is worth to note that the
pore size, measured by BJH desorption, and their distribution profiles
indicated that all the materials have a mesoporous structure according
to IUPAC classification.

50,000 x

SNO-15 50,000 x SNO-30 50,000 x
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The FTIR of the samples are reported in Fig. 5. The strong cut-off
band observed below 550 cm™! corresponds to the Ce-O stretching
modes of the CeO, semiconductor [28]. The transition located at 864
cm ™! and those located at around 700 cm ™! can be attributed to the Sr-O
and Sr-O-Sr stretching modes in the perovskite [29]. As it can be
observed in Fig. 5, the intensity of these vibrational transition increases
by increasing the amount of SrNiOs in the composite. The Ni-O transi-
tion attributable to Ni-O stretching band observed at 547 cm ™ for the
bare perovskite [30], completely disappears in the composite materials
because it overlaps with the large band observed for CeO, at wave-
numbers below 600 cm ™.

The optical properties of the samples were investigated by trans-
forming the UV-Vis diffuse reflectance spectrum (DRS) of each sample
in the corresponding Kubelka-Munk function, F(R), used as the
equivalent of absorbance. The band-gap values of all the samples has
been estimated by extrapolating a linear fitting in the Tauc plot corre-
sponding to the function ([F(Rw)ohu]l/ 2 versus the hv values, assuming
an indirect transition [31]. The Tauc-plots of all the composites mate-
rials are reported in Figs. 6 and 7. The experimental band-gap value of
SNO shows energy absorption which over-laps the visible light spectrum
of the solar irradiation (2.70 eV corresponding to ca. 440 nm) in
agreement with previous reports [32]. On the other hand, the estimated
band gap of bare CeO, was 3.18 eV. Instead, the bang-gap of the com-
posite materials resulted to be intermediate between the band-gap
values of the two components, namely SNO and CeO,, probably due to
the formation of a heterojunction between the two semiconductors or
the formation of intermediate energy levels as before observed also with
other materials [33,34]. Interestingly, this reduction of the band gap is
more evident by increasing the amount of perovskite in the composite.

The study of the semiconducting proprieties of the elaborated ma-
terials as well as the investigation of their type n or p can be done by the
Mott-Schottky measurement. The Mott-Schottky measurements of
SrNiOs synthesized via the sol-gel, CeO, prepared by co-precipitation

SNO-70

50,000 x

SNO-50 50,000 x

Fig. 3. SEM pictures of (a) SNO, (b) CeO,, (c) SNO-15, (d) SNO-30, (e) SNO-50, and (f) SNO-70 samples at the same enlargement (50,000 X).

Table 2
Textural properties of the prepared materials.

Sample SSA (m%eg™1) Pore Volume (cm>eg ') by BJH des Pore Size (nm) by BJH des
CeO, 7.2 0.15 48
SNO 11.9 0.020 6.4
SNO-15 8.3 0.048 20
SNO-30 7.3 0.042 21
SNO-50 6.4 0.039 23
SNO-70 6.0 0.021 22
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Fig. 4. N, adsorption—desorption isotherms of the bare CeO, and SrNiO3 perovskite along with the composite materials.

method and the heterojunction between them (SNO-15, SNO-30, SNO-
50, SNO-70). This electrochemical measurement is based on the for-
mation of a Schottky barrier between the semiconductor and electrolytic
bath [35]. As mentioned, the Mott Schottky method required calculating
the capacitance of the space charge region (Cs) in function of electrode
tension. Equation (1) is based on measuring the capacitance of the space
charge region (Cg.) versus the potential of the working electrode ac-
cording to the relation [35-38].

! 2 (EfEﬂ,fK—T) 6))

C2. eegNS? €

where ¢ and Ny are the relative dielectric and the free carrier of the
analyzed material, ¢y is the space permittivity (8.85010°1%F cm’l), Sis
the area in contact with the electrolyte, E is the applied potential, Eg, is
the flat band potential, K is the Boltzmann constant (1.3801023 Jek 1),

T is the absolute temperature (298 K), and e is the elementary charge of
the electron. Fig. 8 presents the Mott-Schottky plots (1/CZ vs. E) of the
synthesized CeOg, SrNiO3 and their composites SNO-15, SNO-30, SNO-
50 and SNO-70.

The Mott-Schottky plots allowed to verify the nature (n or p) of the
studied semiconductor material and find out its electronic properties,
such as the density of the donor and acceptor charge carrier, and the flat
band potential.

A perusal of Fig. 8 indicate that all the plots exhibit a positive slope
meaning that the all samples belong to n-type semiconductor. Moreover,
as we can see, all these plots show a very high slope with approximately
the same value. This is an indication that the value of the free carrier
concentration Ny is very high for all the prepared materials. By assuming
that the value of the relative dielectric does not change significantly by
the change in the percentage of SrNiOs in the composite, it can be said
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Fig. 5. FTIR spectra of the photocatalysts: (a) SNO; (b) CeO,; (c) SNO-70; (d)
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that the increase of the SrNiOj ratio in the composites does not change
the free carrier concentration value Ng4. The extrapolation of the linear
part of the plot on the x-axis directly gives us the value of the flat band
potential Eg,. As it is possible to see, the increase of the SrNiOg ratio in
the synthesized composite leads to an increase of the negative value of
the flat band potential.

Table 3 reports for all the prepared samples the value of the Eg,
calculated and the type of semiconductor.

By approximating the Eg, to the potential of the conduction band Ecp
it was possible (see table 3) to calculate the potential of the valence band
Eyp as:

- SNO

(F(Ry) -hv) 12

2.70 eV

.
ikt B BN RN B NS RN BN AT

1.5 20 25 30 35 40
Energy [eV]
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Evg = Ecp + Egap (2

where Egap is the measured band gap. It is interesting to observe that the
values of the Eyp of the composite materials decrease by increasing the
percentage of the perovskite in the composites indicating that among
them the higher oxidant ability is shown by the SNO-15 catalyst.

The Electrochemical Impedance Spectroscopy (EIS) was done by
application of a sinusoidal perturbation (potential or current) over a
large frequencies’ domain. It permits the quantification of the bulk,
grains boundaries and diffusion. The Nyquist plot in which the imagi-
nary impedance (Z’) is diagrammed versus real impedance (Z’) is re-
ported in Fig. 9 for each samples studied.

The provided Nyquist plots depict the impedance spectra for the
various semiconductor materials used. As general observations, the
Nyquist plot exhibits semicircular arcs which are typical for electro-
chemical impedance spectra. The diameter of the semicircle is indicative
of the charge transfer resistance (Rct), and a larger semicircle implies
higher resistance. The inset graph shows the SNO-15 spectrum which
highlighting its impedance at lower frequencies.

In order to make a comparison between the different prepared ma-
terials, CeO5 has the largest semicircle, indicating the highest charge
transfer resistance among the tested materials, SNO exhibits a relatively
smaller semicircle compared to CeO», indicating a lower charge transfer
resistance. The composite SNO-15, SNO-30, SNO-50 materials show
smaller semicircles, indicating lower charge transfer resistances
compared to CeOz and SNO and also to SNO-70. Among the all prepared
samples, SNO-15 shows the smallest semicircle suggesting that it has the
lowest charge transfer resistance, which is essential for efficient charge
transfer [39,40] and consequently for photocatalytic reaction purpose.

3.2. Photocatalytic activity in gas—solid regime

3.2.1. 2-propanol photocatalytic oxidation under simulated solar light
irradiation (SolarBox)

The photocatalytic activity of the samples was studied by a model
reaction, i.e. the 2-propanol oxidation in gas-solid regime. The photo-
reactivity runs started after the reaching of the steady state conditions
of the system under dark conditions. A time of half hour was enough for
the substrate to be adsorbed on the photocatalysts surface. After the
equilibration time, the initial substrate concentration, experimentally
measured, was slightly lower than the nominal one (ca. 5 % for all the
samples), indicating only a modest adsorption of 2-propanol on the
catalyst surface. The contemporary presence of O, catalyst, and light
was needed for the occurrence of 2-propanol degradation. Each photo-
catalytic experiment lasted six hours, being initiated once the Solar-Box
apparatus was turned on. In literature, 2-propanol has been extensively

CeO,

1.5 2.0 2.5 3.0 35 4.0
Energy [eV]

Fig. 6. Tauc plots of the bare SNO and CeO, photocatalysts.
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used as a model molecule to evaluate the effectiveness of photocatalysts.
Its photocatalytic oxidation typically gives rise to propanone and
eventually COz and HpO when the substrate achieves its complete
mineralization. The presence of acetaldehyde was also re-ported as in-
termediate depending on the photocatalysts and irradiation source used
[32,41,42]. Moreover, strongly acidic sites can produce the dehydration
of the substrate, producing propene and water as reaction byproducts
[43].

The 2-propanol adsorption and decomposition, mainly studied on
TiOq surfaces both in gas-solid [21,22] and in liquid-solid regimes
[44-46], in both cases, proceed according to two pathways by either
dehydrogenation or dehydration, giving rise to propanone or propene,
respectively. The selectivity to these intermediate products strongly
depends on the experimental conditions and particularly on the acid-
base properties of the solid photocatalyst. In fact, it is suggested that
dehydration of 2-propanol into propene results from the catalyst acidic
character, whereas its dehydrogenation to propanone is due to its ba-
sicity [47,48]. In the current experiments, only propanone was
observed.

Fig. 10 reports the concentrations of both 2-propanol and propanone
vs. irradiation time for runs carried out in the presence of the bare SNO
and CeO; samples. Under irradiation, an initial in-crease of the 2-prop-
anol concentration, attributed to a photo/thermal desorption of the
molecule, was observed. Hence, a certain degradation of the alcohol
occurred, as proved by the formation of low amount of propanone.
Beyond the desorption phenomena, the evolution of 2-propanol during
the course of the reaction does not change significantly for the SNO
material, indicating that the activity of this catalyst was very low. The
CeO photocatalyst was, instead, slightly more active with respect to

SNO giving rise a decrease of the concentration of the substrate with a
contemporary formation of propanone (see Fig. 10). However, the
concentration of propanone does not increase at the same rate as the
concentration of 2-propanol decreases, indicating either a possible
alternative route of oxidation of the substrate and/or to the adsorption
of the intermediates on the catalysts surface.

Carbon dioxide was measured but no significant amount of miner-
alization of the model molecule was observed by using both bare solids
(perovskite and CeOs). Conversely, two of the four composite materials
(SNO-15 and SNO-30) showed a significant decrease of the 2-propanol
concentration with the irradiation time and contemporaneously an in-
crease in the propanone concentration was observed along with CO3 as
the final oxidation product. The evolution of 2-propanol concentration
as well as those of propanone and CO; for the run carried out in the
presence of the composite samples is reported in Fig. 11.

The fastest 2-propanol degradation was observed in the presence of
the SNO-15 photocatalyst. 2-propanol disappeared after ca. 5 h of irra-
diation, in the same run, propanone concentration increased, and its
degradation began when the concentration of 2-propanol was almost
zero. This behaviour suggests that the sites for the 2-propanol oxidation
can be also useful for the propanone degradation. The activity of the
composites decreases in the order: SNO-15 > SNO-30 > SNO-50 > SNO-
70, so the lower the amount of perovskite, the higher the photocatalytic
activity. A possible explanation of this occurrence is reported at the end
of the next section which reports the study of the photocatalytic activity
of all the samples under UV irradiation. Indeed, SNO-15 resulted still the
most active in the photocatalytic degradation of 2-propanol also irra-
diating the system with UV-LED.

According to Yamashita et al.[48] there are two routes in
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employed frequency.

Table 3

Electrochemical features of the prepared materials.
Sample Type of semiconductor En (eV) Evp (V)
SNO n —0.046 +2.65
CeOy n —0.060 +3.12
SNO-15 n —0.051 +2.85
SNO-30 n —0.070 +2.83
SNO-50 n —0.080 +2.72
SNO-70 n —-0.110 +2.65

photocatalytic oxidation of 2-propanol in gas solid regime, i.e., direct
oxidation of 2-propanol to CO; and indirect oxidation of 2-propanol to
CO4 via acetone (schematised in Fig. 12). It would be possible to observe
CO4 in the early stages of the reaction, even if we have no observed it in
this research. That CO5 would be formed by the direct oxidation process
[49]. On the other hand, 2-propanol molecules, adsorbed on the surface
of the photocatalyst, decompose into acetone, which is ultimately
oxidized to CO5 [50] following the pathway schematised in Fig. 12. The
photoexcited electrons generated on the photocatalyst surface by the
promotion of electrons from the valence band to the conduction band
are consumed via the two-electron reduction of Oz to give H0,
accompanied by the oxidation of 2-propanol to acetone via the two-
electron oxidation:

CH3CH(OH)CH3 + 2h" —CH3COCH; + 2H* 3

In Fig. 12 the presence of reactive oxidizing species (ROS) namely
*OH, *0?%, 105 and h* formed during the photocatalytic reaction are the
responsible of the oxidation.

3.2.2. 2-propanol photocatalytic oxidation in the presence of UV-LED
irradiation

Further experiments of 2-propanol photocatalytic-oxidation were
carried out by using the same reactor but irradiating the system with an
UV-LED emitting at 365 nm. The results obtained are reported in Figs. 13

and 14 for bare and composite materials, respectively. The reaction
lasted 2 h because it was much faster than that observed using simulated
solar light due to the higher power of the UV irradiation source.

Both the bare materials, i.e. the perovskite and CeO; resulted active
for the 2-propanol oxidation (see Fig. 13) being the CeOj slightly more
active than the perovskite, also in this case. By comparing the results
reported in Fig. 13 with those of Fig. 14, the composite materials
resulted more active than the bare powders, at least those containing the
lower amount of perovskite. These results confirmed that the SNO-15
composite is the most active sample in terms of 2-propanol oxidation
also under UV irradiation.

Moreover, in the presence of this last photocatalyst a complete
mineralization of 2-propanol was observed. Indeed, the amount of CO,
formed during the reaction carried out under UV irradiation increased
with the reaction time and its quantity, analysed after two hours, ach-
ieved the stoichiometric amount. At this time, both 2-propanol and
propanone completely disappeared and only CO, was detected inside
the reactor. Also, it is interesting to observe that in the presence of the
SNO-15 material, the rate of propanone formation almost corresponds to
that of the 2-propanol degradation. In order to compare the photo-
activity of the different photocatalysts by using both the irradiation
systems the conversion of the substrate at the end of the reaction a long
with the initial reaction rate have been calculated and collected in
Table 4.

The percentage of the conversion of 2-propanol, X, has been calcu-
lated as follows:

__ [2-propanol];-[2-propanol]

X [2-propanol];

100 (@)

where [2-propanol]; represent the initial concentration of 2-propanol
and [2-propanol] the concentration of 2-propanol at the end of the
reaction.

From the observation of the results collected in Table 4 it is evident
that the SNO-15 sample is the catalyst with the best performance, likely
due to the favourable combination of some factors. From the
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(SNO) and CeO, under simulated solar light irradiation (SolarBox).

characterization, it is possible to identify some distinctive characteristics
of this material, like the strong interaction with CeO highlighted by the
XRD pattern that evidenced the presence of a distorted perovskite phase.
This strong interaction from the two materials constituting the com-
posites, i.e. SrNiO3 and CeO,, could hinder the recombination of the
photoproduced electron-hole couples.

Furthermore, the SNO-15 sample showed, among the composite
photocatalysts, the highest SSA and pore volume indicating a better
accessibility of the substrate to the active sites of the catalyst. SNO-15
showed, moreover, a lower band gap than that of the bare ceria. The
electrochemical characterization indicates, moreover that this sample
presents the lowest charge transfer resistance in comparison to the other
samples here studied. All of these features characterized the SNO-15
material, giving rise to an optimal photocatalytic activity of this
photocatalyst.

Fig. 15 illustrates the band scheme of the composite materials, that
after the UV light absorption allows electrons to be transferred from the
highest occupied molecular orbital (HOMO) of the valence band to the

lowest unoccupied molecular orbital (LUMO) of the conduction band in
the semiconductors. This displacement of the electron generate a hole
(h™) that remained at the high oxidizing state. At the same time, the
promoted electron possess the reductive property of the CB. By consid-
ering the energies of the CB and the VB of the two semiconductors, it can
be hypothesized the formation of a Type I heterojunction as reported in
Fig. 15. It is worth to remind that the photocatalytic active composite
formed by two-phase semiconductors can be classified into three types
of heterojunctions: Type-I (straddling gap), Type-II (staggered gap) and
Type-III (broken gap) depending upon the interface structure of the
semiconductor materials. [51]. The band gap scheme of the composite
SNO-15, in Fig. 15, belongs to the Type-I heterojunction system where
the conduction band bottom and valence band top of one of the semi-
conductors, here the perovskite, are located inside of the forbidden band
of the other semiconductor material, in this present case the CeO,. This
allows the photogenerated electron-hole pairs produced in the CeO5 to
be transported into the SNO bands so improving the material perfor-
mance. The presence of the type-I heterojunction has been observed to
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improve the activity of some composites acting as photocatalysts, for VB of SrNiO3 and the electron promoted in the CB of the first can be
example, ZnO/Co304 [51], g-C3N4/MgFeo04 [52] or CuO/BaTiO3 [53]. transferred in the CB of SrNiOj3. The positive impact of the hetero-

Therefore, after the formation of the electron-hole pairs in both junction formed, particularly on SNO-15, can be ascribed to the mobility
structures, the holes in the VB of CeO, structure can be transferred to the of the photogenerated carriers, that can increase the number of reactive

10
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Table 4

2-propanol conversion (X) after 6 h (SolarBox) or 2 h (UV-LED) of reaction and
initial reaction rate (r,) of 2-propanol heterogeneous photocatalytic oxidation
by using the two sep-ups.

SolarBox UV-LED

Sample X [%] I,010° [mMemin '] X [%] r010° [mMemin ']

SrNiO3 10 0.5 18 6.5

CeO, 30 3.0 32 12.5

SNO-15 100 7.3 100 40.0

SNO-30 60 3.0 45 12.5

SNO-50 31 0.8 32 7.2
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Fig. 15. Proposed working mechanism upon irradiation of the SrNiO3-CeO,
composite containing 15 % of perovskite (SNO-15).

11

events of the electron-hole pairs with Oy and 2-propanol molecules,
respectively on the surface of the photocatalyst.

Finaly, it can be interesting to compare the results obtained in this
research with some other obtained with alternative materials in similar
conditions, indeed it can be mentioned that various semiconductors
have been tested in almost the same conditions, and the results have
been previously reported by us. In particular, NbyOs home prepared,
both bare and its composites with TiO,, CeO4 and ZrO5 [54]; as well as
ZrO; and Ce and Er-doped ZrO; [55] resulted photoactive in gas—solid
regime for 2-propanol photooxidation to propanone by using the
SOLARBOX as irradiating source.

The initial reaction rate of 2-propanol oxidation obtained in the
current research, in the presence of SNO-15 resulted 7.3 103 mM min~},
whereas the best material based on Nb,Os, the NbyOs-TiO5 composite
[54], gave rise to an initial reaction rate of ca. one order of magnitude
higher than SNO-15. On the contrary, the best performant ZrO based
material, i.e., ZrO, doped with a 10 % of Ce [55], showed an initial 2-
propanol oxidation rate of ca. five orders of magnitude lower than
that obtained in the presence of the SNO-15.

4. Conclusions

Perovskites have demonstrated great potential in catalysis and
photocatalysis due to their unique properties as specific surface area
morphology and shape of particles. In the present work, a CeO, material
has been enriched with the perovskite SrNiO3 with different percentages
from 15 to 70 % in mass. Both perovskite and ceria were prepared and
then the composite obtained by ball milling. All the obtained materials
were used as heterogeneous photocatalysts for the 2-propanol oxidation
in gas-solid regime by irradiating the system with simulated solar light
or by an UV-LED. The photocatalytic results suggest that the photo-
catalyst containing a 15 % of SrNiOs perovskite is the most active, and
the activity decreases by increasing the perovskite content in the
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SrNiOs/ CeO5 composites. The pristine SrNiO3 material showed negli-
gible photocatalytic activity, whereas the CeO, showed some activity.
The presence of a small amount of SrNiOs improves the 2-propanol
oxidation with respect to the bare ceria both by irradiating the photo-
catalyst with simulated solar light irradiation or by UV. The highest
activity showed by the SNO-15 sample was justified by considering for
this sample a sum of favourable factors such as a strong interaction
between SrNiOj3 perovskite and CeO» and the higher SSA and pore
volume with respect to those of all the other composites as well as the
lowest charge transfer resistance and the lowest band gap revealed in
comparison to that of CeOs.
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