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Abstract: For the commercialization of syngas production, the utilization of greenhouse gases and
the fabrication of an active catalyst for the dry reforming methane (DRM) process are the biggest
challenges because of deactivation by carbon deposition, oxidation, sintering, and loss of active
surface sites under high temperature. In the present article, BaNiO3 perovskite was synthesized by
the coprecipitation method, and its reduced form (r-BNO) was utilized for syngas production by the
DRM reaction. It was found that the r-BNO showed high stability and good resistance against carbon
deposition, however, the conversions (CHy and CO,) have been found to be less than 50%. Many
techniques such as TGA, XRD, FT-IR, UV-Vis, BET, SEM, TEM, XPS, TPR, TPO, and TPD were used
in order to investigate the physical properties and evaluation conditions for syngas production. From
the obtained results, it was revealed that BaNiO3 perovskite possessed a hexagonal crystal structure
and perforated-rough surface; in addition, its structure was virtually regenerated by oxidation of the
r-BNO catalyst, which provides a convenient way to regenerate the original catalyst in an oxidative
atmosphere. Structural and surface alterations of the used catalyst, after the DRM reaction, were
characterized by using TGA, TPO, and TEM, and it was found that there was no significant deposition
of inert carbons (D and G) and deactivation of the r-BNO catalyst.
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1. Introduction

The production of clean energy from existing sources (renewable and nonrenewable)
around us is one of the most comprehensive tasks for scientists and industrialists, aiming
to establish an economically sustainable and a sensible technique which can consume these
reserved raw materials and produce value-added products, such as liquid hydrocarbon
fuels and oxygenated chemicals. One of the inevitable routes to utilizing natural gases such
as liquid fuels as well as clean energy production is gas-to-liquid (GTL) technology, the
pollutant technique with the lowest emission [1,2]. Towards this direction, synthesis gas, a
mixture of Hy and CO, is a skilled and efficient approach to clean energy production in
the form of liquid fuel. The implementation of syngas production is an attention-grabbing
topic among researchers, since it is the junction point at which we can move from the
hydrocarbon age to the hydrogen age [2—4].

In spite of various opened channels for syngas production, the reforming of methane
with various oxidants is one of the most environmental friendly and convenient techniques
because of its economic viability, technical sustainability, and it being easier to process than
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others [2,5,6]. Depending on the Hy /CO ratio, it can be useful for the manufacturing of
many chemicals of industrial interest at a large scale. For example, the exposure of CO
and Hj to various CO/H, ratios at high and low temperatures is employed to improve
the preferential /selective oxidation of CO in the presence of hydrogen on supported Au
catalysts, Au/TiO;, as reported by Hartadi et al. [7]. Well-reported in the literature is that
the H, /CO ratio is close to one, producing many important liquid hydrocarbons (Fischer—
Tropsch synthesis) and oxygenated chemicals; they are practically important intermediates
for the processing of fuels and value-added products (formaldehyde, alkenes, oxygenates,
polycarbonates, or methanol). In contrast, with a higher H, /CO ratio, for example, the
steam reforming of methane (H,/CO > 3) favors methane formation and inhibits long-
chain hydrocarbon formation [5,6,8,9]. The 1:1 ratio of Hp /CO is, technically, processed
by reforming the reaction of methane with a carbon dioxide oxidant, and this technique
is well-known as the dry reforming of methane (DRM). Luckily, and as a bonus for this
conversion process, both are greenhouse gases, which are responsible for global warming;
moreover, this has been a well-known phenomenon for decades, which makes it easy to
provide awareness about safety and the cleanness of the ecosystem to the community,
which are applied and frequently used as a method for the various energetic vectors [2,5,8].
However, due to its endothermic nature, it suffers from the decomposition of methane
and the disproportion of carbon monoxide as a result of coke formation, sintering, and
deactivation of catalysts used in the DRM conversion process [10-15].

Many kinds of materials have been distinguished in the DRM reaction, such as car-
bides, sulfides, noble metals, and supported and unsupported oxides [10-17]. Luhui Wang
etal. [18] reported that encapsulated Ni nanoparticles supported on SiO, (Ni@Lay03)/5i03),
fabricated by the one-pot colloidal solution combustion method, is an excellent catalyst
for the inhibition of carbon deposition during the DRM process at 700 °C, because only
1.6 wt % C was formed after 50 h reaction. In fact, Ni-based catalysts are an economically
cheap source, and possess the capability of excellent catalytic activity and selectivity equally;
noble metals for syngas production, by contrast, are quickly deactivated during the course
of the reaction for the aforesaid reasons, for example, coke deposition/sintering [19-21].
In spite of their deactivation, researchers are continuously trying to improve the features
of Ni-based catalysts with the dispersion of nanosized particles using various procedures,
such as the synthesis process, addition of promotors, and modification of basicity, etc., to
create resistance of the deactivation parameters [10,12-14,19,21].

Recently, in situ-generated supported materials are a more sophisticated method for
the DRM reaction. Well-defined structural perovskite (ABO3) precursors are an important
source for the generation of such kinds of materials, which can easily produce supported
oxides, such as B/AOx [8,9,22-24], in a reduction medium. Therefore, perovskite oxide can
be considered an important precursor of metal catalysts, or as a catalyst that should be either
activated or performed on the reactor catalytic bed by the reduction process. In particular,
an attractive option for the DRM using perovskite structures provides all the requirements,
such as high thermal stability and well-dispersed supported oxide, however, it faces the
issue of a low surface area in a defined structure. Briefly, perovskites have a general
formula, ABO3, in which the A ions can be rare-earth, alkaline earth, or alkali elements
that fit into dodecahedpral sites of the framework, while the B ions can be 3D, 4D, and 5D
transition metal ions, which occupy the octahedral sites, whose vertices are occupied by
O?". It has a unique structural capability for accepting a wide range of substitutions. These
solids are very resistant to high temperature, and they are mechanically and chemically
stable under typical reaction conditions. In this respect, many efforts have been carried out
to synthesize Ni catalysts that are resistant to carbon deposition, by introducing metal in the
defined perovskite oxides [8,9,22-24]. Dupeyrat et al. [23], following the concept of Shiozaki
et al. [22], synthesized the LaNiO3 perovskite by pulse technique and utilized it for the
DRM reaction, and found 98% CHy4 and 88% CO, conversions without coke formation after
the reduction at 700 °C. Hayakawa et al. used CaTi;_«NixOj3 as a catalyst precursor for the
partial oxidation of methane to syngas [20]. Verykios and coworkers [19,25,26] proposed
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a new type of synergetic active sites created at the Ni-La, O3 interface by the interaction
between nickel and lanthanum species, which offer active and stable performance syngas
production DRM process. Slagtern and Olsbye [27] reported high activity of the reduced B
metal for methane conversion into syngas on LaBO3 (B = Rh, Ni, Co) perovskites.

According to promising features of perovskites, we synthesized BaNiOj3 by the co-
precipitation method, and its reduced form was used for synthesis gas production by the
DRM. The crystalline, optical, morphological, and surface properties are examined by
various techniques such as XRD, SEM, TEM, BET, TG-DTG, UV-DRS, and XPS. XRD and
TPR results were used to characterize the reduced perovskite catalyst. Furthermore, the
physical-chemical modifications during the catalytic performance were investigated with
TPO, TEM and TG-DTG techniques.

2. Materials and Methods
2.1. Preparation of Perovskite BaNiO3

Perovskite BaNiO3 was prepared by the coprecipitation method using a mixture of
ethanol and water (1:1) as a solvent. The reactants used for the preparation of BaNiO3
were nitrates of barium [Ba(NO3),.6H,O], nickel [Ni(NOj3),.6H,O], oxalic acid and sodium
hydroxide. All the starting materials were of analytical grade (purity > 99%). Briefly,
metal nitrates (1:1) were separately dissolved in a hot mixture of ethanol and water until
the formation of transparent solution. After dissolution the solution of Ba and Ni was
mixed and 0.5 g oxalic acid added to the mixture. After stirring for 30 min, 1 M NaOH
(pH > 8) was added and again stirred at 90 °C for 5 h. The obtained greenish precipitate
was filtered and rinsed with water, ethanol, and acetone; it was kept in hot oven for 24 h at
250 °C. Moreover, the obtained dry product was air calcined at 750 °C for 9 h to obtained
the desired perovskite product. The schematic representation of synthesis is shown in
Scheme 1.

NaOH Oxalic acid
Solution Solution

5
>

Barium

Nickel
nitrate nitrate
[Ba(NO;),. [NI(NOy),. —
6H,0] + 6H,0]
O Ba*
O Ni*

EtOH: H,O EtOH: H,0

BaNiO, nanopowder Precipitated Powder

Scheme 1. Schematic representation of BaNiOj3 synthesis.

2.2. Characterizations

X-ray diffraction (XRD) patterns of fresh and reduced samples were performed on X-
ray diffractometer (Rigaku D/Max-1II C, Tokyo, Japan) with CuK radiation (A = 1.5406 A),
and operated at 40 kV and 100 mA in continuous mode at the rate of 0.3° /min from 10°
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to 80° scan range. Thermogravimetric analysis (TG-DTG) was performed using TGA
instrument (STA Jupiter 449 F3 equipment, Selb, Germany) at a heating rate of 10 °C/min
from room temperature to 900 °C under the synthetic air flow. TGA analysis was used
to find out calcination temperature for the formation of perovskite structure and the
amount of deposited carbon on the catalyst after the reactivity tests. The Fourier-Transform
Infrared Spectroscopy (FT-IR) examinations were performed by KBr pellet method in the
400-4000 cm~! scan range on Bruker Vertex 70, Germany. Band-gap energy was measured
on double beam spectrophotometer (Jasco UV-Vis 770, Tokyo, Japan) in the wavelength
range of 200-800 nm at room temperature. The morphology was studied by scanning
electron microscopy (SEM) on a TESCAN-FERA3 microscope (Fuveau, France) using an
accelerating voltage of 15 kV. Transmission electron microscopy (TEM) of fresh and used
catalyst was performed with JEOL JEM-1011 microscope (Tokyo, Japan) operated at 80 kV.
The X-ray photoelectron spectroscopy (XPS) was used to measure chemical states and
surface element composition with a monochromatic AIK radiation source and charge
neutralizer by Scienta Omicron, Uppsala, Sweden. The C 1s line was taken as an internal
standard at 284.6 eV. Both wide-range survey and detailed spectra (for Ba, Ni and O)
were collected at 300 W. BET specific surface area and BJH pore size distribution were
determined by adsorption of N; at —196 °C using a Micromeritics Tristar II 3020 surface
area and porosity analyzer instrument (Norcross, GA, USA). Prior to analysis, the sample
was degassed for 2 h at 250 °C. Temperature Programmed Reduction, oxidation, desorption,
and amount of deposited carbon on the catalyst after the reactivity tests were performed
with a Micromeritics Auto Chem II 2920 analyzer equipped with a TCD detector (Norcross,
USA). For the Hp-TPR experiment, approximately 75 mg of the calcined catalyst was
placed in a U-shaped quartz tube (6.6 mm ID) and subjected to heat treatment with Ar
flow for 60 min at 250 °C, in order to remove water. Then, the reducing gas, consisting
of 10% Hj in Ar, was introduced at a flow rate of 30 mL/min, with a heating ramp rate
of 10 °C/min from room temperature to 800 °C, which was maintained for 60 min. After
the reduction, the sample was cooled down to room temperature and purged with helium.
After this treatment, O,-TPO experiment was performed in the presence of 10% O, in He
gas mixture at the rate of TPR conditions. Similarly, CO,-TPD was also performed on the
same instrument and similar condition to TPR except for differences in the mixture gas
(10% CO, in He).

2.3. Catalytic Activity Measurements

Dry reforming of methane (DRM) reaction was carried out at atmospheric pressure
in a 9.4 mm i.d. and 48 cm-long stainless steel PID Microactivity reactor (Micromeritics,
Norcross, GA, USA) using 0.6 g of the catalyst. The reaction temperature was measured
using a K-type thermocouple placed in an axial thermowell centered in the catalyst bed.
For the DRM experiment, the sample was first activated by H; flow at the rate 30 mL/min
at 700 °C for 2 h followed by N; flow (30 mL/min) for 30 min. The total flow rate and
volume ratio of the feed gases (CH4:CO,:Ny) were 36 mL/min and 17:17:2, respectively.
The reforming activity was studied at 700 °C while the effluent gases were analyzed by an
online Varian Star CX3400 gas chromatography (Santa Clara, CA, USA) equipped with a
thermal conductivity detector and columns packed with Porapak N and 13X Molecular
sieves (Varian, Santa Clara, CA, USA). The reported results of catalytic activity tests present
an average of triplicate runs. These runs were performed with good reproducibility, and
the conversions of methane and carbon dioxide were reproducible within an error of
£2%. Conversions (CHy, COy), selectivity (Hy, CO), yields (Hy, CO) and H, /CO ratio are
calculated by the following formulae:

le CHy j, — moleCH,
CHy conversion (%) = (mo € Crr?c’;?e CI;IIO eC 4’°ut> x 100 (1)
4in
1 in — mol
CO, conversion (%) = <m0 € Cif;i‘e CICI;O eCOZ'Out) x 100 )
2,in
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3. Results and Discussion
3.1. Thermal Analysis (TG-DTG)

Figure 1 shows the TG-DTG graph ranging from room temperature to 900 °C for the
decomposition of the oven-dried perovskite precursor and spent catalyst in the synthetic
air medium. The decomposition process for the oven-dried perovskite precursor can be
distinguished into two steps (Figure 1a). In the first step, about 6% weight loss from room
temperature to 415.8 °C is due to desorption of surface water, decomposition/oxidation of
free oxalate into CO, gas, and H,O vapor. Likewise, in the second step, about 3% weight
loss at temperature 646.8 °C reflects the initiation of the Ba—Ni-oxalate bond decomposition,
gasification of nitrates into NOy, and crystallization of perovskite from amorphous pre-
cursor. Therefore, the total weight loss up to 800 °C is around 9%. Having been observed,
the final product was calcined at 750 °C for 9 h, which provided strong evidence of the
formation BaNiOj perovskite. Furthermore, these observations are comparable to the
results obtained from the XRD pattern of the calcined sample (Figure 2a), which confirms
the transformation of amorphous to hexagonal perovskite phase.

100

100 (a) —L?é 0.00000 (b) A 0.00018
— —DTG
X 98 -0.00006 = 90 0.00009
@ 000012 E ¢ 0.00000 ¢
A £ £
Ui E 8% -0.00000 €
& 000018 T - =)
DU 570 -0.00018 E
] -0.00024 o
s 92 2 6 -0.00027

-0.00030
-0.00036
0
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0
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Figure 1. TG-DTG profiles of (a) perovskite precursor (b) spent catalyst.

(b)
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Figure 2. FTIR spectra of (a) perovskite precursor (b) BaNiO3 perovskite.

The amount of carbon deposition over the used catalyst after a 5 h stability test
at 700 °C in the DRM process was determined by thermogravimetric analysis, which
is presented in Figure 1b. TGA curve clearly showed that the spent catalyst has very
good resistance to coke formation (0.05% coke deposition). The contribution of carbon
deposition by the metal oxidation is negligible during thermal oxidation of the spent



Sustainability 2021, 13, 13855

6 of 16

catalyst. Therefore, the observed DTG peaks of the spent sample can be the gasification of
deposited reactive carbons on the catalyst surface. Two types of carbons were observed by
DTG: one at 330 °C and second at 730 °C. The low-temperature DTG major peak suggests
the formation of reactive amorphous carbon, whereas the high-temperature DTG minor
peak supports the formation of filamentous carbon. One minor peak around 125 °C can be
attributed to loss of moisture, which confirmed that the reverse water—gas shift reaction
(RWGS) reaction occurred during DRM process. It is reported in the literature that the
formation of reactive carbon does not favor catalyst deactivation, while formation of inert
carbon has an ultimate deactivation effect [28-30]. Thus, on the basis of the TG-DTG results,
it can be concluded that despite the formation of coke over the catalyst, its activity did not
decrease, since the deposited carbon was reactive and there was no significant effect of
metal size and its interaction with support.

3.2. Fourier-Transform Infrared Spectroscopy Analysis (FI-IR)

Figure 2 represents the FTIR spectra of the perovskite precursory and the calcined
perovskite. In the spectrum of perovskite precursory (curve a), the broad, strong absorption
peak at 3453.38 cm ™! is assigned to the combination of H-O bending mode of absorbed
water and the hydroxyl group [31,32]. The weak band at 2915.16 cm ! is due to aliphatic
C-H stretching from the oxalic acid. The bands at 2353.74 cm~! and 1764 cm ™! are at-
tributed to the symmetric and asymmetric stretching of the carboxylate group, respectively.
The bands recorded at 1427.84 cm~!, 1062.17 cm ™!, and 855.84 cm ™! correspond to the
principal vibration of the (CO3)* group, indicating that Ba-carbonate species exist [33].
Furthermore, the absorption band at 690.30 cm ! is assigned to specific vibrations of Ni-O
bond [34]. After the calcination at 750 °C, intensity of the absorption bands of organic and
inorganic, such as oxalate and carbonate, ions decreased, indicating the decomposition of
these groups and formation of BaNiO3 perovskite (curve b). However, small amounts of
(CO3)?>~ and hydroxyl groups were even seen in the calcined BaNiO3 sample. In addition,
in the calcine sample, the Ni-O bond shifted to a lower frequency of 490.36 cm ™!, ascribed
the vibration of octahedral NiOg group [35]. So, by the FT-IR results, it is very clear that no
organic species or impurities are available at the surface of BaNiO3 during the synthesis,
one of the excellent features of resistance of carbon deposition during syngas production.

3.3. X-ray Diffraction Analysis (XRD)

XRD patterns for the calcined and reduced samples are shown in Figure 3. The XRD
patterns of the calcined sample (Figure 3a) revealed that the conditions applied during
calcination are good enough to produce the perovskite structure as the main phase, because
no impurity phases such as BaO and NiO/Ni were detected. The perovskite structure was
identified as a single phase with lattice parameter a = 5.58 A, b = 5.58 A and ¢ = 4.83 A and
a hexagonal crystal system with P63mc space group (JCPDS no. 01-075-1201).

(a) —BaNi0, (

(101)

[I ij |

Ni:00-001-1272]

(110)

E(100)
(200)
L——(zm)
 (210)

(211)

Intensity (a.u.)

301)
(212)

Intensity (a.u.)

15

JCPDS No. 01-075-1201

N T

10 20 30 40 50 60 70 8 gt o—=
2 Theta (degree) 2 Theta (degree)

(302)
b(311)

Ba0O:01-074-1228|

Figure 3. X-ray diffraction (XRD) patterns of (a) calcined (b) reduced BaNiOj3 perovskite.
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The diffraction patterns of r-BNO (Figure 3b), used as a catalyst for the DRM reaction,
indicate that hexagonal BaNiO3; phase was not maintained after the reduction treatment. It
is transformed into two phases: metallic Ni® species and BaO nanoparticles. It is observed
that in reducing medium, Ni** cations reduce to metallic Ni® and exhibit the cubic crystal
system with Fm3m space group (JCPDS no. 00-001-1272). The characteristic diffraction
peaks at around 46.53° and 67.86° correspond to (100) and (200) crystal planes, respectively.
BaO shows diffraction peaks at around 28.09°, 32.58°, 55.40°, 58.09° and 75.31° that are
indexed to (111), (200), (311), (222) and (331) crystal planes, respectively, and exhibits
the cubic crystal system with F23 space group (JCPDS no. 00-074-1228). These reflection
patterns express the subsequent formation of BaO-supported Ni° crystallites. By applying
the Scherrer equation to the most intense diffraction peaks in the XRD patterns [36], the
average crystallite size values of the calcined and reduced samples were calculated, and
found to be 22.12 nm for the calcined and 4.51 nm for reduced samples, respectively,
indicating that no sintering of metal nanoparticles occurred during H; reduction.

3.4. UV-Vis Spectroscopic Study

The optical absorption spectrum along with binding energy of cubic BaNiO3 nanos-
tructure are depicted in Figure 4. The spectrum has two characteristic absorption regions.
The first one is between 200-300 nm centered at 263.3 nm, and other one is in the range
between 300-500 nm centered at 389.8 nm. These two regions correspond to the metal-
metal transitions and crystal field transitions, respectively [37,38]. The optical band gap
was calculated using the Tauc formula; the fundamental relationship between absorbance
and incident photon energy (hv) given by Equation (6),

(ahv)"™ = A(hv — Eg) (6)

where, ‘a” is the absorption coefficient, ‘rv” is the photon energy, ‘A’ is a constant, ‘E," is the
band-gap energy, and ‘m’ equals 1/2 for a direct transition [39]. The inset of Figure 4 shows
the plot of (¢hv)? vs. (hv), and the band-gap energy was determined by extrapolating the
straight-line portion to the abscissa at zero absorption coefficient and found to be 4.11 eV.

@hv)2(eVicm)2

2 3 4 5 6
Binding Energy (eV)

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Figure 4. UV-vis spectrum of BaNiOj3 perovskite oxide; Inset: optical band-gap energy.

3.5. Morphological Analysis

Figure 5 shows the SEM images of the calcined sample at different magnifications.
From the low-magnification SEM images (Figure 5a,b), it is certainly evident that BaNiO3
nanoparticles have a perforated and roughed surface, which could be attributed to the
combustion of oxalic acid from its surface during calcination and crystallization processes.
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The highly magnified image (Figure 5c) shows that nanoparticles seem to be spherical along
with large number of nanoparticles being interconnected. The interconnected nanoparticles
look like a chain of spherical particles, with diameters ranging from 11.9 to 62.3 nm.
Moreover, it was clearly noticeable that there are plenty of voids that are required features
for the reduction and the DRM processes.

Figure 5. SEM images of BaNiOj3 perovskite at (a,b) Low magnification and (c) high magnification.

TEM pictures of fresh, reduced, and spent samples are presented in Figure 6. Typical
TEM images of fresh perovskite and its particle size distribution (inset) are displayed in
Figure 6a,b. It can be seen that the fresh BaNiO3; nanoparticles are in the form of pseudo-
spherical-like and hexagonal-like, and these are well dispersed between 10 and 25 nm,
which is matched with XRD data. In addition, similar to the SEM results, interconnected
nanoparticles were well-observed in fresh perovskite.

‘ avg, size 4. 75 + 4.4 nm #
SR g oo R2=98l07%"1
i Y

[ A e oy 1

\

Figure 6. TEM images of (a,b) fresh, (¢,d) reduced, and (e, f) used catalyst at various magnification.

After reduction, activated perovskite catalyst precursor (r-BNO) clearly shows (Figure 6¢,d)
a different morphology compared with fresh perovskite, presenting a smaller and uniform
distribution of cubic Ni nanoparticles over the cubic BaO nanosupport. It is observed that
Ni nanoparticles in r-BNO were partially embedded in the support as shown by the fringes
(Figure 6d), and gradually come out from the support during the reduction process. The
Ni° crystallites are the darker particles while the support particles are the lighter ones.

TEM images of spent catalyst (Figure 6e,f) clearly illustrate the aggregates of nanopar-
ticles. After a long-term stability test, particle size and shapes became bigger and were
destroyed, indicating that sintering occurred to some extent. However, some amount
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of amorphous carbon was observed in the spent catalyst. It is difficult to evaluate the
size of a particular particle from the TEM picture, only the diameters of the aggregates
of nonuniform spherical shaped structures, ranging from about 60 nm to 100 nm, can
be derived.

3.6. Textural Analysis (BET Surface Area)

N, physical adsorption-desorption studies were conducted to determine the surface
area and the pore structure of the synthesized BaNiO3 perovskite. The BET isotherm and
BJH pore size distribution obtained from the desorption branch of the isotherm are shown
in Figure 7. From Figure 7a, it is observed that the perovskite sample demonstrates type IV
isotherm and H3 kind of hysteresis loop (0.8 < P/Pj < 1) due to capillary condensation,
suggesting that it has a mesoporous surface, possessing pore volume 0.078 cm3g~! and
pore size 23.52 nm [40]. The BET specific surface area was found to be 16.18 ng_l ; inset
of Figure 7a exhibits the adsorption data in relative pressure (P/Py) range 0.05-0.3. The
pore size distribution (Figure 7b) showed a narrow peak centered at 2.8 nm.

s60l@ . : (b)
>~ 0.08 ' N R
5 i |E [
E < 0.06 " < :
~ ﬂ.. 1
"E 45' ;o " Q l
g & 0.04 «
£ 3 I £l
Q
T 304 0.02 ~ |
3 | |a
o 005 010 015 020 025 0.30 S
'6 Relative Pressure (P/P,) //' ~
$ 151 = ——
3 Julpuis e - T — —_—
0 d——— . : . . . .
0.0 0.2 0.4 0.6 0.8 1.0 0 50 100 150 200

Relative Pressure (P/Pg) Pore Diameter (nm)

Figure 7. (a) Adsorption—desorption isotherm and (b) BJH pore size distribution curve for
BaNiOj3 perovskite.

In comparison to the fresh catalyst, the spent catalyst shows 2.65 m?g~!,0.017 cm3g~!
and 24.75 nm surface area, pore volume and pore size, respectively, after 5 h of reaction. It
is reported that carbon deposition, active metal sintering, and phase transformation are the
main causes that can affect the textural properties of the catalyst under typical DRM reaction
conditions [41]. In our case, the formation of carbon deposits over the spent catalysts was
insignificant, as observed from TGA analysis (Figure 1b); therefore, the changes in textural
properties can be attributed to sintering and aggregation of nanoparticles.

3.7. X-ray Photoelectron Spectroscopy (XPS)

The surface chemistry has an important effect on the catalytic activity because of the
surface defect and composition. In order to acquire deeper information regarding the
electronic and chemical properties at the surface of the fabricated sample, XPS studies
have been performed. With this aim, the survey and narrow spectra of O 1s, Ni 2p, and
Ba 3D of fabricated perovskite are collected and analyzed (Figure 8). The survey scan
shows that there are four elements (Ba, Ni, O, and C) existing on the surface of the sample.
The peak for C 1s at binding energy of 284.8 eV indicates the adventitious carbon from
XPS instrument (Figure 8a). The O 1s profile shows two components after deconvolution
of peaks (Figure 8b). These peaks appeared at: (a) 529.75 eV and (b) 531.36 eV. Type (a)
peak is usually ascribed to lattice oxygen (O, Ni-O), whereas type (b) peak may arise
from surface-adsorbed species such as hydroxyl (Ni-OH) and adsorbed molecular water,
which have been considered to be related to the surface oxygen vacancies on the surface
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of the sample [42,43]. According to area of the peak, the ratio of surface lattice oxygen
Olattice and adsorbed oxygen O,gsorbed Was estimated to find out the amount of surface
oxygen vacancies. It is noted that an Oy,ttice / Oadsorbed Tatio of 2.82, such oxygen vacancies
would greatly promote the catalytic activity [44]. By a peak-fitting procedure, two pair of
spin-orbit components were found in Ni 2p (Figure 8c). Due to the close similarity of BE of
Ni?* and Ni3*, it is difficult to discriminate between both species by XPS spectra alone. The
two peaks located at about 854.64 and 873.67 eV are ascribed to Ni 3p, whereas two fitted
peaks at about 859.15 and 878.86 eV are assigned to Ni 2p [35,45,46]. Figure 8d exhibits the
Ba 3D core-level spectrum and there are two well-separated pairs of spin-orbit components
at 795.12 eV and 779.75 eV, respectively. These binding energies are ascribed to barium
bound in the lattice of hexagonal BaNiO3; nanoparticles [47].
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Figure 8. XPS spectra of BaNiO3 perovskite: (a) survey (b) Ols (c) Ni2p3,4 (d) Ba3ds,4 spectra.

3.8. Temperature-Programmed Reactions (H,-TPR, O,-TPO, CO,-TPD)

Figure 9 shows reduction, oxidation, and desorption features of hexagonal BaNiOs;
perovskite along with oxidation of the spent catalyst. Figure 9a presents a TPR profile
of BaNiO3; which shows two peak at 335 °C and 485 °C. The first peak is caused by the
partial reduction of BaNiOj to BapNiOy4 and the second peak by the complete reduction
into metallic nickel in the presence of surface and bulk lattice oxygen, respectively [42,43].
In other words, the first peak results from the reduction of N i%* to Ni2*, and the second
peak corresponds to the reduction of Ni?* to Ni°, which remains deposited on cubic BaO,
confirmed by XRD patterns of the reduced BaNiOj3 perovskite oxide (Figure 3b). Fierro
and Tejuca [48,49] studied the oxygen species of LaMO3; (M = Cr, Mn, Fe, Co, Ni) by XPS
and found that the peak at low binding energy corresponded to the surface lattice oxygen,
which can be reduced easily under reducing atmosphere. The peak at high binding energy
corresponded to the bulk lattice oxygen, which is more stable in reduction medium. In
terms of hydrogen consumption for the reduction process, it was observed that the second
peak consumes more hydrogen than the first peak, evidenced the ideal condition for the
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DRM reaction [50]. After reoxidation, the first TPR (Figure 9b) shows a different shape,
depicting one shoulder at 350 °C and another wide major peak at 470 °C, indicating the
partial regeneration of fabricated perovskite.
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Figure 9. (a) TPR, (b) TPO and (c) CO,-TPD (d) Spent TPO profiles of BaNiO3 perovskite.

To acquire the information on catalytic performance, the CO,-TPD experiment is one
of the most important tools which provides information regarding the strength and number
of basic sites present in the catalyst. It is well-reported that the strength of basic sites is
increased with the adsorption of CO, during the DRM reaction, which in turn aids the gasi-
fication of carbon species during CH,; decomposition and CO disproportionation [51,52].
The CO,-TPD curve of the catalyst is presented in Figure 9c. It is apparent from TPD
profiles that prepared catalyst showed at least five CO, desorption peaks: first major peak
between 50-200 °C, a second minor peak between 200-350, a third minor peak with a
shoulder between 350-550, and fourth and fifth above 650 °C, respectively. The low and
high temperature peaks represent the weak and strong basic strength of the fabricated
sample. It is suggested that the ability of the catalyst to chemisorb CO, increases with
increasing of its Lewis basicity, and CO, chemisorption favors the elimination of different
forms of carbon, produced by the side reactions.

The nature, structure, and amount of deposited carbon species on the catalyst during
the DRM tests was determined by the quantification of oxidation products (CO,) by
temperature-programmed oxidation (TPO) process. These carbons can be gasified to CO
and/or CO; under the oxidative atmosphere, at different temperatures: atomic carbon
(Cy) <250 °C, filamentous carbon (Cg) 250~600 °C and graphitic carbon (C,) > 600 °C [53].
The first two types of carbon are reactive compared to graphitic carbon, moreover atomic
and filamentous carbon have slower deactivation rate, while graphitic, being more inactive,
has a rapid deactivation rate. Additionally, it is believed that C, species are responsible for
the formation of synthesis gas [53]. The TPO profiles for the spent catalysts are presented
in Figure 9d, and show only one major peak centered in temperature range of 175-475 °C,
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covering a lesser peak area. It can be an atomic or filamentous type of carbon deposition,
both having different degrees of reactivity. This suggests that that amount of carbon
deposition is relatively less and is reactive. Therefore, covering a lesser peak area, the
reactive carbon species indicate the fabricated catalysts have more coke-resistance capacity
and are less prone to coke deposition during the DRM process. TPO results are in good
agreement with the TGA results.

4. Catalytic Performance of Reduced Perovskite Precursor (-BNO)

Before estimating the performances of the catalyst in the DRM process, the fabricated
BaNiOj perovskite was submitted for reduction by hydrogen at 700 °C for 3 h. Having a
stabilized temperature, the equimolar mixture of CO, and CHy was passed through the cat-
alyst bed. The catalytic stability test of the r-BNO catalyst has been tested for 5 h at reaction
temperature (700 °C). The experimental data obtained from GC analyses of the products
leaving the reactor, conversion (CHy, CO,), molar ratio (Hy:CO, CH4:CO»), selectivity (CO,
Hy), and yield (CO, Hy) were plotted as a function of reaction time (Figure 10). It was
observed that stability tests continued for approximately 5 h without any interruption.
Figure 10a shows the CH4 and CO, conversion as a function of time of stream using a reac-
tive gas mixture of CH,:CO; equal to 1:1. The CH4 and CO, conversions are equal to 31.5%
and 42.33%, respectively, and molar ratio Hy /CO is close to 0.6 (Figure 10b). Results shows
that CO, conversion is higher than CH, conversion, therefore, the obtained H, /CO ratio is
lower than unity. It was observed that the conversion remains unchanged after 5 h of reac-
tion, and even a small increase could be assumed. The initial and final conversions of CHy
and CO; changed from 29.5% to 31.4% and 43.39% to 42.33%, respectively for the catalyst.
In fact, it was found that there is no declination in conversions due to deposition of carbon
over the catalyst surface during the reaction. These findings are verified by TGA and TPO
analyses of spent catalysts. Although their conversion rates were low, catalyst was stable
at applied reaction conditions. At the same time, the main products, CO and H;, remain
stable with a Hy /CO ratios < 1 expected for the DRM reaction (CH4 + CO, — 2CO + 2H)),
which can be ascribed to some activity in the reverse WGSR (CO, + Hy — CO + H;O)
where the H; produced during reaction further reacts with CO; [54]. Therefore, more
CO; could be consumed in the reaction than expected. The literature reports that when
H,/CO ratio is close to 1, it strongly suggests that the RWGS reaction did not proceed [55].
So, these results show that catalyst prepared by reductive decomposition of BaNiOj; is
active and stable for all the studied methane reactions. Figure 10c,d shows selectivity and
yield of components of synthesis gas. It was observed that the selectivity and the yield are
unaffected during the course of the reaction, however, both parameters for CO are higher
than H;, which implies that the little amount carbon deposition occurred according to the
Boudouard reaction (2CO — C + CO,). On the basis of these observations, it is easy to say
that the net rate of coke deposition on the catalyst surface is dependent on the relative rates
of the carbon accumulation on the catalyst surface and its oxidative removal. The large
amount of coke deposition or coking will take place when the rate of the oxidative removal
is slower than the rate of carbon formation [56].
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In order to obtain further information regarding the stability of catalyst under the
same set of experimental conditions as for the 5 h stability test, the sample was run for
24 h. Figure 11 shows the conversion of CH4 and CO; as a function of time on stream. It is
observed that the r-BNO catalyst does not show remarkable differences in both cases.

60

[4)]
o

'
=)

Conversion (%)
N w
e 2

-
o

—=—CH,

—— COz

o909 g o 000099

i i-uu 58858535

0 4 8 12 16

20 24

Time on stream (hours)

Figure 11. CH; and CO; conversion, Reaction conditions: T = 700 °C; molar ratio CO, /CH, = 1;
F/W =60 mL/mingcat.
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5. Conclusions

The precipitation route is a simple method to fabricate a desired perovskite structure,
BaNiOs. The XRD diffraction analysis showed that perovskite calcined at 750 °C is closer to
the hexagonal phase. This work shows that a Ni/BaO catalyst under hydrogen atmosphere
can be obtained that is active in the DRM reaction. The structural and surficial changes
produced during the reaction were followed by techniques such as TGA, TPO, TEM, BET
and XRD. It is important to point out that upon reoxidation treatments, most of the BaNiO3
phase is recovered from the reduced Ni/BaO catalyst, which could provide a convenient
way to regenerate a waste catalyst. TEM measurement performed on the reduced and
used catalyst reveal that the average nanoparticle size of reduced catalyst was smaller
and more uniform than BaNiO3; nanoparticles, however, the size and shape of the spent
catalyst was found to be higher due to sintering and aggregation of nanoparticles. Catalysts
obtained by reduction of BaNiO3 showed more CO, conversion than the CHy due to RWGS
however, but no deactivation in situ of material was observed after 5 and 24 h time on
stream. However, the catalyst shows low catalytic activity in spite of no deactivation, so
further improvement is necessary for the dispersion of Ni particles at the catalyst surface
for the high activity.
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